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a b s t r a c t

This study investigated the properties of solidified waste using ordinary Portland cement (OPC) contain-
ing synthesized zeolite (SZ) and natural zeolite (NZ) as a binder. Natural and synthesized zeolites were
used to partially replace the OPC at rates of 0%, 20%, and 40% by weight of the binder. Plating sludge
was used as contaminated waste to replace the binder at rates of 40%, 50% and 60% by weight. A water
to binder (w/b) ratio of 0.40 was used for all of the mixtures. The setting time and compressive strength of
the solidified waste were investigated, while the leachability of the heavy metals was determined by
TCLP. Additionally, XRD, XRF, and SEM were performed to investigate the fracture surface, while the pore
size distribution was analyzed with MIP.
The results indicated that the setting time of the bindersmarginally increased as the amount of SZ andNZ

increased in themix. The compressive strengths of the pastes containing 20 and 40 wt.% of NZ were higher
than those containing SZ. The compressive strengths at 28 days of the SZ solidified waste mixes were 1.2–
31.1 MPa and those of NZ solidified waste mixes were 26.0–62.4 MPa as compared to 72.9 MPa of the con-
trol mix at the same age. The quality of the solidified waste containing zeolites was better than that with
OPC alone in terms of the effectiveness in reducing the leachability. The concentrations of heavy metals in
the leachates werewithin the limits specified by the US EPA. SEM andMIP revealed that the replacement of
Portland cement by zeolites increased the total porosity but decreased the average pore size and resulted in
the better containment of heavy ions from the solidified waste.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, over 80% of the hazardous wastes are from industrial
processes. The sludge, heavy metals, oils and infectious waste are
the most abundant hazardous wastes. The amount of industrial
waste and hazardous waste from industrial plants increases every
year. The toxic wastes containing heavy metals are, therefore,
causing serious environmental problems in the contamination of
water, air and soil. It is an issue that deserves attention to find
ways to properly and appropriately capture the waste.

The hazardous waste water from industries is released from
industrial facilities and is also causing critical environmental prob-
lems. The treatment processes could reduce the concentrations of
the toxic waste depending on the condition of the sediment’s dry
residue. However, the final disposal of the waste sediment is still
not safe in terms of storage and transportation because some hea-
vy metals remain unstable and may leak into the environment. To
solve the problem, the method of reducing or storing hazardous

toxic waste is required to stop the leaching of toxic substances to
the environment.

Solidification is a process used to treat hazardous waste from
industrial plants, particularly hazardous substances or inorganic
substances contaminated by heavy metals. The hazardous sub-
stances are stored in the structure by chemical bonding which neu-
tralizes them and reduces the chance of spreading. The placeholder
used in this process is normally Portland cement blended with poz-
zolanic materials such as fly ash, rice husk ash and silica fume.
Solidification eases the safe transport of the solid cast mass and al-
lows disposal in a landfill.

Zeolites are framework silicates consisting of interlocking tetra-
hedrons of SiO4 and AlO4. The alumino-silicate structure is nega-
tively charged and attracts the positive ions that reside within the
zeolites. This results in large vacant spaces or cages in their struc-
tures that allow space for large cations such as sodium, potassium,
barium, calcium and even relatively large molecules as well as cat-
ion groups ofwater, ammonia, carbonate ions and nitrate ions (Feng
et al., 2000). The spaces are interconnected and form long and wide
channels of various sizes depending on theminerals. These channels
allow easy movement of the resident ions and molecules into and
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out of the structure. The zeolites are thus characterized by their abil-
ity to lose and absorb water without damaging their crystal struc-
tures (Quanlin and Naiqian, 2005).

Clinoptilolite is a naturally occurring zeolite that forms
through the devitrification (the conversion of glassy material to
crystalline material) of volcanic ash in lake and marine waters.
It is the most studied of all zeolites and is widely regarded as
the most useful. Clinoptilolite has a particularly high cation ex-
change capacity which provides many useful properties (Poon
et al., 2000). Clinoptilolite is used in many applications such as
chemical sieves, gas absorbers, feed additives, food additives, odor
control agents and water filters for municipality, residential
drinking water and aquariums (Feng and Peng, 2005). Clinoptilo-
lite is well suited for these applications because of its large
amount of pore space, high resistance to extreme temperatures
and chemically neutral basic structure.

Sludge produced by the metal plating industry is generally
considered to be ‘‘hazardous waste’’ because of its toxic heavy
metal content. Solidification techniques applied prior to the depo-
sition of this waste in landfills provide good results allowing the
safe disposal of inorganic sludge. The use of materials such as
zeolite with its pozzolanic property and the ability to bind metal
ions generally gives a good performance. The solidification can
store a large amount of sludge and help protecting the environ-
ment. This study, therefore, aims to investigate an effective solid-
ification technique for sludge from a metal plating factory using
both natural and synthesized zeolites in corporation with Port-
land cement.

2. Experimental investigation

2.1. Materials

The materials used were ordinary Portland cement (OPC) per
ASTM C150, sodium aluminum silicate (Na96Al96Si96O384) as syn-
thesized zeolite (SZ), clinoptilolite ((Na,K,Ca)6(Si�Al)36O7220H2O)
as natural zeolite (NZ), sludge (S) from the treatment of wastewa-
ter from a nickel plating plant and tap water. The S contained 35%
water and 65% solid. It was dried and then sieved through a No.
100 sieve.

2.2. Mixture proportions

The sludge waste was solidified using OPC containing SZ and NZ
as a binder. Zeolites were used to partially replace OPC at rates of
0%, 20%, and 40% by weight of the binder. The plating sludge was
used to replace the binders at the rates of 40%, 50% and 60% by
weight. A constant water to binder (w/b) ratio of 0.40 was used.
The pastes were mixed in a mechanical mixer, and the specimens
were cast in 50-mm cube molds. The fresh samples were covered
with a plastic sheet to prevent water evaporation. After casting
for 24 h, the samples were removed from the molds and cured in
saturated lime water (Table 1).

3. Test programs

3.1. Specific gravity and particle size

The specific gravity of OPC, SZ, NZ and S was measured in accor-
dance with ASTM C188, and their particle sizes were measured
using laser particle size analysis.

3.2. Normal consistency

The normal consistency of the pastes was measured in accor-
dance with ASTM C187 using Vicat apparatus.

3.3. Compressive strength

The compressive strength of the solidified waste was tested in
accordance with ASTM C109 at ages of 7, 28, and 90 days. Five sam-
ples were tested for each age group.

Table 1
Sample mix proportions (by weight).

Binder S (%) w/b Symbol

OPC (%) SZ (%) NZ (%)

100 – – – 0.4 OPC100
40 0.4 OPC40S
50 0.4 OPC50S
60 0.4 OPC60S

80 20 – – 0.4 OPC20SZ
40 0.4 OPC20SZ40S
50 0.4 OPC20SZ50S
60 0.4 OPC20SZ60S

60 40 – – 0.4 OPC40SZ
40 0.4 OPC40SZ40S
50 0.4 OPC40SZ50S
60 0.4 OPC40SZ60S

80 – 20 – 0.4 OPC20NZ
40 0.4 OPC20NZ40S
50 0.4 OPC20NZ50S
60 0.4 OPC20NZ60S

60 – 40 – 0.4 OPC40NZ
40 0.4 OPC40NZ40S
50 0.4 OPC40NZ50S
60 0.4 OPC40NZ60S

Table 2
Specific gravity, median particle size and surface area of OPC, SZ, NZ and S.

Sample Specific
gravity

Mean particle size d50
(lm)

Surface areaa (cm2/
g)

OPC 3.15 14.12 2600
SZ 1.87 2.51 32,500
NZ 2.09 16.17 5400
S 2.14 34.81 1900

a BET analysis.
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Fig. 1. Particle size distribution of OPC, SZ, NZ and S.
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3.4. Scanning electron microscopy (SEM)

A JEOL scanning electron microscope (model JSM6400) was
used to examine the phase development and microstructure of
the solidified plating waste. The paste cubes at the ages of 7 and
28 days were broken and the fractions in the middle part of the
specimens were used for the analyses. The solid was placed on a
brass stub sample holder with double stick carbon tape. Then,
the sample was dried using infrared light for 5 min. Subsequently,
the sample was coated with a layer of gold approximately 20–25 Å
thick using a blazer sputtering coater. Micrographs were recorded
at 12 kV and 500–10,000� magnifications (Chindaprasirt et al.,
2005).

3.5. X-ray diffractometer (XRD) and X-ray fluorescence (XRF) analyses

The XRD scans were performed for 2h� between 10� and 70�,
with an increment of 0.03�/step and a scan speed of 0.5 s/step.

XRD analysis using Bruker’s TOPAS software and using wavelength
dispersive XRF (WDXRF). The positions of the diffraction peaks
were identified by comparison to reference database compounds
(Chindaprasirt et al., 2005).

3.6. Mercury intrusion porosimetry procedure (MIP)

The pore diameter distribution in the hardened cement pastes
was measured by mercury intrusion porosimetry (MIP) at a pres-
sure capacity of 228 MPa. After curing for 7, 28 and 90 days, the
samples were split from the middle portion of the hardened
blended cement paste. To stop the hydration reaction, the samples
were submerged directly into liquid nitrogen for 5 min and were
then evacuated at a pressure of 0.5 Pa at �40 �C for 48 h. This
method has been used previously to stop the hydration reaction
of cement paste (Chindaprasirt et al., 2007).

3.7. Toxicity characteristic leaching procedure (TCLP)

The metal leaching from the solidified plating waste cured for 7,
28 and 90 days and was assessed using the TCLP as defined by the
US EPA (Li et al., 2001). The samples were crushed to reduce the
particle size to less than 9.5 mm. The crushed sample was ex-
tracted using an acetic acid solution (pH 2.88) in a volume with
a weight equal to 20 times the weight of the sample. The extraction
vessels were rotated in an end-over-end manner at 30 rpm for
18 h. The leachate was filtered through a 0.45-lm membrane filter
to remove suspended solids and was then divided into two por-
tions. One portion was used for a pH measurement, and the other
was used for the determination of the metals present in the leach-
ate by ICP-AES. Each extraction was performed in triplicate, and
the average value was reported to ensure the reproducibility of
the data (Asavapisit et al., 2005).

Fig. 2. SEM micrographs of (a) OPC at 4000 time, (b) SZ at 15,000 time, (c) NZ at 1500 time and (d) S at 1500 times.

Table 3
Chemical composition of materials.

Chemical composition (%) OPC SZ NZ S

SiO2 19.85 65.3 75.32 5.53
Al2O3 4.49 26.18 10.28 3.78
Fe2O3 3.56 0.03 2.66 –
CaO 66.96 0.12 3.95 25.32
MgO 1.36 0.08 1.2 –
K2O 0.34 2.64 4.29 –
Na2O – 1.87 0.89 –
NiO – – – 40.88
CuO – – – 13.08
ZnO – – – 10.33
CrO – – – 0.64
LOI 0.98 5.65 2.3 0.44
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4. Results and discussion

4.1. Properties of materials

4.1.1. Physical results for OPC, SZ, NZ and S
The specific gravity andmedian particle size (d50) of the OPC, SZ,

NZ and S are shown in Table 2. The median particle size (d50) of the
OPC was approximately 14.1 lm, while those of SZ, NZ and S were
2.5, 16.2 and 34.8 lm, respectively. The surface areas of the OPC,
SZ, NZ and S were 2600, 32,500, 5400 and 1900 cm2/g, respectively.
The particle size distribution for the OPC, SZ, NZ and S was mea-
sured with a Mastersizer and is graphically shown in Fig. 1. For
the OPC, NZ and S, the particle shape was solid and angular,
whereas the surface of the SZ was smooth and exhibited a hexag-
onal character (Fig. 2).

4.1.2. Chemical composition and material patterns
Table 3 shows the chemical composition of the OPC, SZ, NZ and

S, which was analyzed by XRF. SZ and NZ were found to be mainly

SiO2 and Al2O3. As can be seen, these two components were 90% for
SZ and 85% for NZ. Additionally, the main elements of S were NiO
(40.88%), CaO (25.32%), CuO (13.08%) and ZnO (10.33%).

Fig. 3 shows the XRD patterns for the SZ and NZ. The figure indi-
cates that the intensity peak of sodium aluminum silicate (Na96Al96-
Si96O384) and (Na,K,Ca)6(Si�Al)36O7220H2O appeared at 0–60� (2h).

4.2. Properties of pastes

4.2.1. Normal consistency of pastes
The normal consistency of OPC100 was found to be 25.5%. High-

er replacement of SZ and NZ resulted in a higher normal consis-
tency. For example, the normal consistencies of pastes OPC20SZ,
OPC40SZ, OPC20NZ and OPC40NZ were 32.4%, 34.4%, 31.2% and
32.0%, respectively. The normal consistency of pastes containing
SZ and NZ, which have a higher fine content, was higher than those
containing coarser zeolites. This occurs because the particles of SZ
and NZ have a higher fine content and a higher porosity; thus, they
absorb more water, which results in greater water consumption.
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4.2.2. Setting time of blended cement pastes and pastes containing
solidified plating waste

The setting times of the blended cement pastes containing SZ
and NZ were similar to those of the Portland cement paste. For
example, the final setting times of OPC paste, was 181 min. The ini-
tial setting time of mixes with SZ was 185 and 187 min and those
with NZ were 183 and 184 min. For the incorporation of S, the ini-
tial setting time was increased to 148–154 min and the final set-
ting times to 191–192 min. The similar or slightly increase in the
setting time were probably due to the pastes mixed with zeolites
have higher water contents at normal consistency than Portland
cement paste. Moreover, the use of zeolite to replace Portland ce-
ment resulted in a smaller amount of cement and thus caused a
longer setting time to be observed. For the use of S, the reductions
in the amount of cement and pozzolan resulted in an even smaller
amount of cementing material and hence the setting times
increased.

4.2.3. Compressive strength of the blended cement pastes
Table 4 shows the development of compressive strength in the

cement paste in relation to the cement replacement level for the
case of synthesized zeolites and natural zeolites. Concerning the
use of SZ and NZ, replacement of 20% and 40% zeolites led to lower

compressive strengths at all ages. It was observed that the
compressive strengths of the cement pastes containing NZ were
higher than those with SZ for the same replacement conditions
and age, because more silica dioxide (the main component of nat-

Table 4
Setting time and compressive strength of the solidified wastes.

Sample Time (min) Compressive Strength (MPa)

Initial setting time Final setting time 7-day 28-day 90-day

OPC100 132 181 53.8 72.9 79.4
OPC40S 148 192 0.9 1.3 1.5
OPC50S 151 195 0.6 1.0 1.2
OPC60S 154 197 0.5 0.8 1.1
OPC20SZ 141 185 21.6 31.1 38.2
OPC20SZ40S 149 186 2.1 13.5 16.1
OPC20SZ50S 152 186 1.3 4.9 10.7
OPC20SZ60S 156 185 0.8 1.4 2.0
OPC40SZ 143 187 10.2 23.4 26.9
OPC40SZ40S 149 188 0.3 6.0 17.4
OPC40SZ50S 151 189 0.3 4.2 13.6
OPC40SZ60S 152 190 0.1 1.2 3.2
OPC20NZ 133 183 52.0 62.4 71.1
OPC20NZ40S 135 184 43.4 57.3 65.2
OPC20NZ50S 135 185 35.7 49.1 58.4
OPC20NZ60S 136 186 30.5 41.3 50.3
OPC40NZ 134 184 40.5 50.7 61.3
OPC40NZ40S 135 184 19.5 36.2 43.4
OPC40NZ50S 136 185 15.2 31.5 39.3
OPC40NZ60S 136 187 12.1 26.0 33.8
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ural zeolite) is contained than in the synthesized zeolites and ce-
ment. The pozzolanic activity of zeolite normally depends on the
amount of the active amorphous phases of silica and alumina. As
indicated in the XRD patterns in Fig. 3, the amount of the active
amorphous phases of NZ is higher than that of SZ. The results of
the compressive strengths of pastes OPC20SZ, OPC40SZ, OPC20NZ
and OPC40NZ at 28 days of 31.1, 23.4, 62.4 and 50.7 MPa, respec-
tively confirms the observation.

4.2.4. Compressive strength of pastes containing solidified plating
waste

The experimental results showed that the rates of strength
development in the solidified waste using SZ and NZ as solidifica-
tion binders were higher than that with OPC. The composition of
OPC hydration product is dominated by calcium silicate hydrate
(C–S–H) which typically comprises 70–80% of the product (Deja,
2002). The metals may react with calcium hydroxide to produce
insoluble compounds as a form ofmetal hydroxide; thismechanism
inhibited the hydration and decreased the strength of the wastes,
especially when the concentration of metal in the solidified waste
was more than 0.3% by weight (Li et al., 2001; Asavapisit et al.,
2001; Qin et al., 2003). The strength of these solidified wastes could
be very low due to the inhibition of the cement reactions by theme-
tal ions in the waste. Additionally, the strength of the solidified
waste decreasedwhen the amount of waste increased. For example,
the strengths of pastes OPC20NZ40S, OPC20NZ50S, and
OPC20NZ60S at 28 days were 57.3, 49.1 and 41.3 MPa, respectively.
The results indicated that the plating sludge can be loaded in a pro-

portion as high as 60 wt.% of the cement blended with 40 wt.% SZ
and NZ at a 28-day compressive strength that meets the minimum
requirement for disposal in a secure landfill (0.34 MPa).

4.2.5. Porosity and average pore diameter of blended cement pastes
The total porosity, capillary porosity and average pore diameter

of the pastes at 7, 28 and 90 days are shown in Fig. 4. The incorpo-
ration of SZ and NZ increased the total porosity of the blended ce-
ment pastes as compared with the OPC paste at all ages. The total
porosity increased with an increase in replacement by SZ and NZ.
The increase in total porosity as a result of the utilization of zeolite
was mainly due to the decrease in capillary porosity. Note that the
compressive strength decreased, while the porosity of the blended
cement paste increased (Poon et al., 2000; Isaia et al., 2003). The
capillary porosity of the cement paste blended with NZ at all
replacement levels decreased in comparison to that with SZ.

Fig. 4 shows the effect of the percent replacement of SZ and NZ
on the average pore size in the cement pastes at age 7, 28 and
90 days. It can be observed that the average pore size of the addi-
tives decreased at the respective period of hydration because of the
gradual filling of large pores by hydration products of cementitious
materials; however, the extent of the decrease was variable. A
greater decrease was observed for replacement by SZ, whereas
the decrease was comparatively less for replacement by NZ. The
average pore size tends to decrease as the percent replacement in-
creases. The relationship between the pore diameter and incre-
mental pore volume of the blended cement paste at 28 days is
shown in Fig. 5. The critical pores sizes of the OPC100, OPC20NZ
and OPC40NZ pastes were 52.1, 59.6 and 70.1 nm, respectively,
and the pores were distributed as large capillary pores. The critical
pores sizes of the OPC20SZ and OPC40SZ pastes were 48.7 and
45.2 nm, respectively, and these were distributed as medium cap-
illary pores. These values were lower than that of the OPC100
paste. This suggests that the greater fineness of the zeolite was
more effective in reducing the pore diameter of the paste. The re-
sults also showed that the blended cement paste containing zeolite
presented a smaller pore size than the Portland cement paste. The
pore size decreased with an increase in zeolite replacement. Simi-
lar results have also been reported in other studies (Poon et al.,
1997, 1999a,b).

The relationship between the pore diameter and incremental
pore volume of the solidified waste using OPC, SZ and NZ as bind-
ers at 28 days is shown in Fig. 6. The critical pore sizes of
OPC20SZ40S, OPC20SZ50S and OPC20SZ60S were 74.0, 74.4 and
103.0 nm, respectively, and these pores were distributed as large
capillary pores. Additionally, the critical pore sizes of the
OPC40SZ40S, OPC40SZ50S and OPC40SZ60S pastes were 49.0,
49.5 and 60.4 nm, respectively. These results suggested that the in-
crease in the amount of the plating waste resulted in increase in
pore diameter of the paste. In contrast, the increase in the amount
of SZ resulted in the decrease in the pore diameter of the paste.

As shown in Fig. 6, the critical pore sizes of OPC20NZ40S,
OPC20NZ50S, OPC20NZ60S, OPC40NZ40S, OPC40NZ50S and
OPC40NZ60S were 106.0, 107.5, 138.6, 108.2, 124.4 and 140.4 nm,
respectively. These results suggested that as the amount of plating
sludge increased, the pore diameter of the paste increased.

4.2.6. Fracture surface analysis byscanning electron microscopy (SEM)
The microstructure morphology of the fractured surface was

determined by SEM for OPC100, OPC20SZ, OPC40SZ, OPC20NZ
and OPC40NZ pastes at 28 days (see Fig. 7). The microstructure
of OPC100 was porous and exhibited many voids, while OPC20SZ,
OPC40SZ, OPC20NZ and OPC40NZ showed uniform and dense
pastes. The incorporation of zeolites resulted in the increased
hydration and pozzolanic reaction and thus reduced the pore sizes.

Fig. 6. Relationship between pore diameter and volume intruded of the solidified
plating wastes using OPC, NZ and SZ as binders at 28 days.

1464 C. Napia et al. /Waste Management 32 (2012) 1459–1467



Fig. 7. Fracture surface of the blended cement pastes at 28 days.

Fig. 8. Fracture surfaces of the solidified plating wastes at 28 days.
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Thus, replacing the Portland cement with some zeolites resulted in
a dense paste.

Fig. 8 shows the fractured surfaces of the solidified plating
waste at 28 days, as determined by SEM. The paste with more

plating sludge showed a lower density because the proportion of
binder in the mixture decreased. Because heavy metals inhibit
hydration, the cement reaction was not completed, and some hea-
vy metals did not react (Bishop et al., 2003). The replacement of
Portland cement by zeolites showed a higher density than used
Portland cement alone. The consequences of this are that the solid-
ified waste was more porous, and the compressive strength of the
solidified waste decreased significantly compared with those with
the absence of plating sludge in the mixture.

4.2.7. Leaching analysis
Table 5 shows the leachate pH values in the TCLP leachates at 7,

28 and 90 days. The pH of the solution extracted from the solidified
waste is increased from the initial pH. For example, the pH of
pastes OPC100, OPC40S, OPC20SZ40S and OPC20NS40S pastes at
28 days were 6.5, 6.6, 7.5 and 11.5, respectively. The pH values in-
creased because calcium hydroxide in the pores dissolved into the
acid. Fig. 9 shows the metal concentrations in TCLP leachates, the
results showed that the concentration of Cr in the leachate for all
solidified waste samples was lower than the limit specified by
the standards of the US EPA (<5.0 mg/l). It should be noted here
that the untreated sludge also meets US EPA criteria for Cr. For
example, the concentrations of Cr in the leachate of pastes

Table 5
Leachate pHs in TCLP leachates.

Sample pH

Age 7 days Age 28 days Age 90 days

OPC100 6.3 6.5 6.6
OPC40S 6.4 6.6 6.7
OPC50S 7.1 7.2 7.2
OPC60S 7.7 7.7 7.7
OPC20SZ40S 7.6 7.5 7.4
OPC20SZ50S 7.9 7.9 7.8
OPC20SZ60S 7.8 7.9 7.9
OPC40SZ40S 9.8 9.5 9.5
OPC40SZ50S 8.8 8.8 8.7
OPC40SZ60S 8.5 8.5 8.6
OPC20NZ40S 11.4 11.5 11.5
OPC20NZ50S 11.2 11.2 11.2
OPC20NZ60S 11.1 11.1 11.1
OPC40NZ40S 11.2 11.1 11.1
OPC40NZ50S 10.8 10.8 10.9
OPC40NZ60S 9.7 9.6 9.6
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OPC20SZ40S, OPC20SZ50S, OPC20NZ40S and OPC20SZ50S at
7 days were 0.17, 0.18, 0.17 and 0.16 mg/l respectively. The Ni,
Cu and Zn have no regulatory standards because these three metals
are not classified as hazardous waste by the US EPA. The results
showed that when sample age increased the effectiveness in
reducing the leachability increased, For example, it was detected
that OPC20NZ40S contained Ni of 35.13 mg/l at 7 days and this de-
creased to only 10.24 mg/l at 90 days. Using NZ as a binder effec-
tively reduced leaching more than using SZ. For example, the
concentrations of Ni in the leachate of pastes OPC40NZ40S and
OPC40SZ40S at 28 days were 12.61 and 24.60 mg/l respectively.
Additionally, the metal concentrations in the TCLP leachates that
were extracted from the cement-based solidified plating waste
were much lower than that extracted from the plating sludge.
Effectiveness in reducing the leachability of solidified waste using
SZ and NZ to replace OPC as a binder was higher than 80.0% at all
ratios. This was because SZ and NZ mainly composed of SiO2, Al2O3

and Fe2O3; and the structures of zeolites consist of three-dimen-
sional frameworks of SiO4 and AlO4 tetrahedra. The aluminum
ion is small enough to occupy the position in the center of the tet-
rahedron of four oxygen atoms, and the isomorphous replacement
of Si4+ by Al3+ produces a negative charge in the lattice. The net
negative charge is balanced by the exchangeable cation (Cheng
and Bishop, 1992; Peralta et al., 1992). Thus, the effectiveness in
reducing the leachability was higher using SZ and NZ than that
with OPC alone. These results indicated that during the ion-ex-
change process, the metal ions had to move through the pores of
zeolite mass and through channels of the lattice, and they had to
replace exchangeable cations. The diffusion was fast through the
pores, but was retarded when the ions moved through the smaller
diameter channels. In this case, the metal ions uptake could mainly
be attributed to the ion-exchange reactions in the microporous
minerals of zeolite (Erdem et al., 2004).

5. Conclusions

On the basis of the results of this study, the following conclu-
sions can be drawn.

1. The blended cement pastes containing synthesized zeolite and
natural zeolite exhibited higher total porosity and capillary
porosity than those containing Portland cement alone. This
resulted in the lower compressive strengths of blended cement
pastes compared to that of the control Portland cement paste.

2. The pore size distribution and the average pore diameter of the
blended cement paste containing zeolites decreased with an
increase in zeolite content which resulted in the dense struc-
ture of the paste. This effect was caused by the hydration reac-
tion and the pozzolanic reaction.

3. The use of zeolites to partially replace Portland cement as a
solidification binder produced solidified waste with lower
strength. However, it is more effectiveness in terms of leachab-
lity than the use of Portland cement alone.

4. The application of natural zeolite as a binder with Portland
cement to reduce the leaching of heavy metals resulted in a bet-
ter outcome than using synthetic zeolites with cement, or
cement alone. The use of natural zeolite with Portland cement

as a binder to solidify waste sludge is appropriate as the leac-
hablity was reduced and the compressive strength complied
with the US EPA standard.
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ABSTRACT: This study focused on the microstructure and strength of blended fluidized bed coal combustion fly ash

(FBC-FA) and pulverized coal combustion fly ash (PCC-FA) geopolymers containing gypsum as an additive. The source

materials consisted of 100% FBC-FA and a blend of 75% FBC-FA and 25% PCC-FA. Gypsum was used as an additive

at the dosage levels of 0, 5, and 10%wt of the source materials. NaOH and Na2SiO3 were used to activate aluminosilicate

sources and temperature curing to accelerate the geopolymer reaction. The microstructures of the geopolymer pastes were

examined using XRD, FTIR, MIP and SEM tests. The compressive strengths of the geopolymer mortars were also tested.

Test results showed that the blending of FBC-FA and PCC-FA improved the geopolymerization and resulted in a dense

matrix with reduced porosity and increased compressive strength as compared to those of the FBC-FA geopolymer. The

improvement is due primarily to the high glassy phase content of PCC-FA. In addition, the use of 5% gypsum as an additive

further improved the geopolymerization. The sulphate ions enhanced the leaching of alumina from the source materials

forming additional aluminosilicate and increased calcium in the system which resulted in the formation of additional CSH.

KEYWORDS: fluidized bed coal combustion, pulverized coal combustion, porosity, paste, mortar

INTRODUCTION

The pulverized coal combustion (PCC) process has

been used to burn coal for almost a century. This

technology requires less excess air whilst uses high fir-

ing temperature to improve thermal efficiency creating

a spherical shape, highly amorphous phase contents,

and reactive by-product materials such as fly ash. Fly

ash from pulverized coal combustion (PCC-FA) is

commonly used as a pozzolanic material for partial

replacement of Portland cement in concrete work1, 2.

The recently developed fluidized bed coal combus-

tion (FBC) technology for power plant supersedes

PCC. The FBC process operates at lower burning

temperatures and emits lower CO2, sulphur, and ni-

trogen oxide. The process can use burnable material

such as grubby coal, municipal waste, and all types

of biomass, including wood, rice husks, sugarcane

bagasse, olive/palm oil residues, fruit residues, or even

wet coffee as fuel materials. Even though the FBC

method is a clean coal technology, it provides poorer

grade of by-product materials.

In Thailand, the fluidized bed power plant nor-

mally uses two types of fuel, viz., coal and coal

plus biomass. Biomass burning can use biological

waste material derived from plants and animal wastes.

The composition of biomass ashes is, therefore, quite

variable. For example, wood contains low silica and

high CaO, while agricultural residues contains high

silica and low calcium. The use of biomass to partially

replace coal reduces the overall emission of green-

house gas3. However, the FBC fly ash (FBC-FA) is

irregular in shape, less reactive, and contains smaller

proportion of glassy phase compare to the PCC-FA.

It cannot replace cement replacement4, but it can be

used as a source material for making geopolymer5.

Geopolymer is an alkali-activated aluminosilicate ma-

terial. The source material, therefore, contains high

amorphous silica and alumina contents. It offers

good strength, improved mechanical properties, and

reduced CO2 emission6, 7. Although FBC-FA can

be used to produce geopolymer, the strength is low

compared to that of the PCC-FA geopolymer8, 9. The

blending of FBC-FA with a high glassy phase material

such as PCC-FA is recommended to improve the

strength of FBC-FA geopolymer5.

The degree of geopolymerization can be increased

by incorporating additives such as CaCl2, CaSO4, or

Na2SO4
10. Sulphate additives give slightly better

performance than the chloride additive. CaSO4 or
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Table 1 Chemical compositions of FBC-C, FBC-Bi,

PCC-FA, and G.

Chemical Materials

composition FBC-C FBC-Bi PCC-FA G

CaO 15.8 40.0 24.5 58.8

SiO2 38.8 22.6 35.2 –

Al2O3 17.6 10.0 16.5 –

Fe2O3 11.9 7.6 13.6 –

SO3 8.1 12.7 1.6 41.2

Na2O 0 0 2.7 –

MgO 4.0 3.4 3.2 –

K2O 2.3 1.5 1.9 –

P2O5 0.5 1.1 0.2 –

TiO2 0.7 0.7 0.3 –

LOI 0.5 0.5 0.4 –

gypsum is a good choice as it available in the market

at very reasonable cost.

This study, therefore, attempted to improve the

compressive strength of geopolymer from FBC-FA.

Gypsum was used to improve the FBC-FA and

PCC-FA blend reaction. This knowledge would be in-

strumental to understand and use FBC-FA to produce

geopolymeric material.

MATERIALS AND METHODS

Materials

The source materials for making geopolymer were

fly ashes from FBC and PCC power plants. Two

types of FBC-FA, viz., 100% coal burning (FBC-C)

and 70% coal with 30% biomass burning (FBC-Bi)

from central area and PCC-FA from Mae Moh Power

Plant in northern Thailand were the source materials.

Commercial graded gypsum (G) was selected as an

additive to improve the geopolymer properties. The

chemical compositions of FBC-C, FBC-Bi, PCC-FA,

and G were determined by XRF analysis and shown in

Table 1. The FBC-C, FBC-Bi, and PCC-FA consisted

of SiO2, Al2O3, Fe2O3, and CaO as the main oxides.

SO3 was also present in a substantial quantity in FBC

ashes. The main components of G were CaO and SO3

oxides. The physical characteristics of materials are

examined by analysing particle sizes, specific gravity,

and percentages retained on No. 325 sieve and tabu-

lated in Table 2. The median particle sizes of FBC-C,

FBC-Bi, PCC-FA, and G were 22.6, 28.9, 63.5, and

6.4 μm, respectively, with the corresponding specific

gravity of 2.69, 2.78, 2.52, and 2.31, respectively.

Sodium silicate was a commercially available solution

with 13.8% Na2O, 32.2% SiO2, and 54.0% H2O by

weight and sodium hydroxide (NH) solution at 10 M

Table 2 Physical characteristics of FBC-C, FBC-Bi,

PCC-FA, and G.

Materials Median particles Specific Retained on

size (μm) gravity sieve #325 (%)

FBC-C 22.6 2.69 15.1

FBC-Bi 28.9 2.78 21.7

PCC-FA 63.5 2.52 50.0

G 6.4 2.31 3.0
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Fig. 1 Compressive strength of FBC-C and FBC-Bi

geopolymers based on NS/NH ratios.

concentration was prepared one day before mixing to

ensure equilibrium. The NH and NS (Na2SiO3) were

used as alkali activators. Local river sand with specific

gravity of 2.62 and fineness modulus of 2.85 was used

to make geopolymer mortar.

Details of mixing and testing

The source materials were the FBC-FA and the blend

of 75%wt FBC-FA and 25%wt PCC-FA. Three levels

of gypsum additive of 0, 5, and 10% by weight of solid

binder content were used. The liquid/ash (L/A) ratio

of 1.0 and sand/ash ratio of 2.75 were used for both

FBC-C and FBC-Bi mixes. The NS/NH ratios of 1.0

and 0.67 for FBC-C and FBC-Bi geopolymers were

selected from the optimum compressive strengths

from the trial mixes (Fig. 1). The details proportion

details are tabulated in Table 3. SiO2/Al2O3 and

Na2O/Al2O3 ratios were calculated from the source

materials and alkaline solution in the reaction.

The FBC-FA and PCC-FA were blended thor-

oughly to obtain a uniform blended source material.

Gypsum was added to the source material and mixed

in a container. NH solution was added and mixed

for 5 min. After that, NS solution was added and
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Table 3 Mix proportions and oxide molar ratio of blended

FBC-FA and PCC-FA containing G as an additive.

Mixes FBC-FA: G (%) SiO2/ Na2O/

PCC-FA Al2O3 Al2O3

FBC-C100-G0† 100:0 0 5.29 1.74

FBC-C100-G5 5 5.38 1.83

FBC-C100-G10 10 5.47 1.93

FBC-C75-G0 75:25 0 5.29 1.83

FBC-C75-G5 5 5.37 1.93

FBC-C75-G10 10 5.46 2.03

FBC-Bi100-G0† 100:0 0 6.02 3.22

FBC-Bi100-G5 5 6.14 3.39

FBC-Bi100-G10 10 6.26 3.58

FBC-Bi75-G0 75:25 0 5.64 2.87

FBC-Bi75-G5 5 5.74 3.01

FBC-Bi75-G10 10 5.85 3.18

† Control mix.

mixed for another 5 min. After mixing, the fresh

paste was casted in 5× 5× 5 cm cubic plastic moulds

in accordance with ASTM C109 and compacted in a

vibrating table for 10 s. The mould was 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 until

testing. The paste samples were used for the XRD,

FTIR, MIP, and SEM analyses. For the geopolymer

mortar, sand was added at the final stage and mixed

again for 5 min. The curing regime was the same as

the paste samples. The compressive strength of mortar

was tested at the age of 7 days in accordance with

ASTM C109.

RESULTS AND DISCUSSION

Compressive strength

The results of compressive strength of mortars are

shown in Fig. 2. The strength of FBC-C mortar was

slightly higher than that of FBC-Bi mortar. The com-

pressive strengths of FBC-C100-G0 and FBC-Bi100-

G0 control mortar mixes were 21.5 and 19.6 MPa, re-

spectively. The FBC-C contained a higher percentage

of silica and alumina than those of FBC-Bi (Table 1).

Although the reactivity of both FBC-C and FBC-Bi

were low, the high silica and alumina of FBC-C was

responsible for its slightly better performance than

that of FBC-Bi. Blends of FBC-FA and PCC-FA sig-

nificantly improved the strengths of mortars compared

to the control mortars with no PCC-FA. The com-

pressive strengths of blended FBC-C and PCC-FA,

and FBC-Bi and PCC-FA mortars increased to 25.8
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Fig. 2 Compressive strength of FBC-C and FBC-Bi based

geopolymer mortars.

and 23.4 MPa, respectively. In addition, calcium

silicate hydrate (CSH) gel from the reaction between

Ca2+ from ashes and silicate group could increase the

strength of the matrix10. The increase in strength in

this case was due to the increased reactive amorphous

phase of the mixture resulted from the blending of

FBC-FA with PCC-FA11.

The incorporation of 5% G as an additive further

improved the compressive strengths of the mortars

(Fig. 2). Addition 5% G increases the compressive

strengths of FBC-C100-G5 and FBC-Bi100-G5 mor-

tars to 33.2 and 30.6 MPa, respectively. The additions

of 10% G also produced geopolymer mortars with

high strength but were slightly lower than those with

the addition of 5% G. The high amount of G hindered

the geopolymer reaction and slightly decreased the

strength of the geopolymer mortars10. The compres-

sive strengths of FBC-C100-G10 and FBC-Bi100-

G10 were 28.3 and 25.5 MPa, respectively.

For the blended fly ash mortars, the addition of G

also showed the same trend of results as that of the

FBC-FA mortars. The optimum increase in strength

was obtained with the addition of 5% G. For the

blended FBC-C and PCC-FA, the maximum compres-

sive strength was 39.1 MPa with the addition of 5% G.

For the blended FBC-Bi and PCC-FA, the maximum

compressive strength was 35.7 MPa also with the

addition of 5% G. The increase in the strength is due

to the Ca2+ ions from G entering the Si−O−Al−O
framework and balancing the charge on Al ions12.

This played an important role to form the CSH and

the stronger aluminosilicate structure and contributed

to strength improvement. Furthermore, the SO2 –
4 ions

from G attacked the Al ions from ashes13, 14 and form
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aluminosilicate hydrate and geopolymer framework

which help the strength development. However, the

increase of G to 10%wt gave lower compressive

strength than that of G 5%wt. There was an opti-

mum SO2 –
4 ions content which produced the highest

compressive strength, with higher SO2 –
4 ions content

hindering the process of geopolymerization.

X-ray diffraction

The X-ray diffraction (XRD) patterns of the source

materials are shown in Fig. 3. The crystalline phases

of quartz (Q: SiO2), anhydrite (A: CaSO4), calcium

oxide (C: CaO), and haematite (H: Fe2O3) were found

in all FBC-Bi, FBC-C, and PCC-FA. The amount

of CaO in FBC-Bi and quartz content were higher

than those of FBC-C and PCC-FA. The FBC-C and

FBC-Bi clearly showed lower content of amorphous

phase than that of PCC-FA evident by a broad hump

around 16–38° (2θ). This was due to the low combus-

tion temperature of coal in the FBC system.

The XRD patterns of geopolymer paste are shown

in Fig. 4. The XRD patterns of the source materials

and those of geopolymer pastes differed in the amount

of crystalline and amorphous phases. For the FBC-C

and FBC-Bi pastes, the intensities of SiO2 (Q) and

CaO (C) peak decreased, while CSH (X), aluminosil-

icate (U), Magnesioferrite (F) and amorphous phase

increased compared to those of the source materials.

The broad humps of aluminosilicate gel around 30°

(2θ) of the FBC-C pastes (Fig. 4a) were more pro-

nounce than those of the FBC-Bi pastes (Fig. 4b).

This suggested that the geopolymerizations of the

FBC-C pastes were more advanced and agreed with
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Fig. 4 XRD patterns of geopolymer pastes, (a) FBC-C

and (b) FBC-Bi (A = anhydrite, C = calcium oxide,

F = magnesioferrite, Q = quartz, T = thenardite, U =

aluminosilicate, V = vishnevite, X = calcium silicate

hydrate).

the higher compressive strength of the FBC-C pastes

compared to those of the FBC-Bi pastes. Moreover,

two new compounds, viz., zeolite named vishnevite

(V: Na8Al6Si6O24(SO4) · 2H2O) and thenardite (T:

NaSO4) were detected.

The blending of PCC-FA with FBC-C and

FBC-Bi resulted in a reduction in the anhydrite con-

tent and an increase in the CSH, aluminosilicate, and

vishnevite phases. The existence of some crystalline

phase improved the strength of geopolymer paste15.

Adding 5%wt G in FBC-C and FBC-Bi showed simi-

lar trend to those of the blending with PCC-FA with

additional increases in, aluminosilicate, CSH, vish-

nevite, and thenardite phases. The addition of 10%wt

G resulted in an increase in thenardite phase but de-

crease in vishnevite phase compared to the addition of
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5%wt G. The reduction in the strength of geopolymer

with the high amount of G was due to the reduction

of vishnevite phase and the increase in the thenardite

phase. It was suggested that the high percentage of

Na2SO4 (T) existed as an impurity in the matrix16.

Comparing the XRDs of Fig. 4a and Fig. 4b revealed

that the phases of aluminosilicate and vishnevite of the

mixes in FBC-C series were more pronounced than

those of the mixes in FBC-Bi series. This confirmed

that the higher strengths of FBC-C series compared

to those of FBC-Bi series were probably due to the

presence of the aluminosilicate and zeolite phase of

vishnevite17.

IR spectra

The Fourier Transform Infrared Spectroscopy (FTIR)

was used to study the reaction of original materials

and geopolymer pastes. The chemical bonding of

IR spectra and results are shown in Fig. 5. The

vibration of CO2 –
3 at about 1500 cm−1 indicated the

Na2CO3 from carbonation process18. The vibrations

at 3700–3200 cm−1 of O−H stretching and 1700–

1600 cm−1 of H−O−H bending showed the weak

bond of water molecules which were easily adsorbed

on the surface or trapped in large cavities between

the rings of geopolymer materials. The Si−O−Si
and Al−O−Si stretching of geopolymer pastes at the

wavenumber of 1200–950 cm−1 were more prominent

than in original materials. The blending with PCC-FA

also showed all the common features of carbonation,

O−H stretching and H−O−H bending, and Si−O−Si
and Al−O−Si stretching. The noticeable difference

was the larger Si−O−Si and Al−O−Si stretching

band of the paste made from blending of FBC-FA with

PCC-FA compared to that of the FBC-FA pastes. The

increase in the Si−O−Si and Al−O−Si stretching
band indicated the increase in the geopolymerization5.

The addition of 5%wt G resulted in the increase of

the intensity of Al−O−Si and S−−O stretching at the

wavenumber around 950–1200 cm−1 and vibration

of Na2SO4 at the wavenumber of 636 cm−1. The

increase of G content to 10%wt resulted in the high

calcium and SO2 –
4 content. This provided the high

band of Na2SO4 at the wavenumber of 636 cm−1.

The strength started to decline as Na2SO4 did not

contribute to the strength of geopolymer.

Porosity

The total porosity of geopolymer pastes were mea-

sured by mercury intrusion porosimetry analysis

(Fig. 6). For the control mixes, FBC-C100-G0 and

FBC-Bi100-G0 contained the total porosity of 20.4%

and 21.7%, respectively. The use of the blends of
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Fig. 5 FTIR spectra of original materials and geopolymer

pastes, (a) FBC-C and (b) FBC-Bi.

FBC-FA and PCC-FA significantly reduced the total

porosity of the pastes compared to the control mixes.

The total porosity of blended FBC-C and PCC-FA;

and FBC-Bi and PCC-FA decreased to 14.3 and

16.2%, respectively. The spherical shape and smooth

surface of PCC-FA particle offered better distribution

than that of FBC fly ash which comprised with irreg-

ular shape and high porosity particle. Additionally,

PCC-FA was more effective in adjusting pores and

decreasing the porosity of paste19.

The addition of G as an additive could reduce the

total porosity. For the incorporation of 5% G, the

total porosity of FBC-C100-G5 and FBC-Bi100-G5

pastes were decreased to 16.5 and 17.1%, respectively.

Although the additions of 10% G reduced the total

porosity of geopolymer pastes compared with that of

the control 0% G, they were higher than those with the

addition of 5% G. This confirmed that the addition of

5% G produced a dense matrix with low porosity and
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FBC-Bi.

the increase in G content to 10% started to hinder the

reaction. The total porosity of FBC-C100-G10 and

FBC-Bi100-G10 were 18.5 and 20.5%, respectively.

For the blended fly ash pastes, the addition of

G also showed a similar trend of results as that of

the FBC-FA pastes. The optimum decreased in total

porosity occurred with the addition of 5% G. For the

blended FBC-C and PCC-FA, the total porosity was

12.7% with the addition of 5% G. For the blended

FBC-Bi and PCC-FA, the minimum total porosity was

14.1% also with the addition of 5% G. The Ca2+

ions from G were interconnected with Si−O−Al−O
chains thus provided the stronger structure and also

decreased of the total porosity20. The incorporation

of 10% G also produced geopolymer pastes with

low total porosity but was slightly higher than those

with the addition of 5% G. For the blended FBC-C

and PCC-FA, the total porosity was 13.6% with the

addition of 10% G. For the blended FBC-Bi and

PCC-FA, the minimum total porosity was 15.2% with

the addition of 5% G.

Scanning electron microscopy

The scanning electron microscopy (SEM) of geopoly-

mer pastes are shown in Fig. 7. The matrix of

FBC-C75 with 5% G was denser than that of

FBC-C75 with 0 and 10% G as shown in Fig. 7a.

This reflected an enhancement of geopolymerization

by the addition of 5% G. With regard to the effect

of PCC-FA, the results shown in Fig. 7b indicate that

the replacement of 25% PCC-FA resulted in homo-

geneous and dense matrices in comparison to those

without PCC-FA (FBC-Bi100) for both 0 and 5% G

series. This confirmed that the PCC-FA was more
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Fig. 7 SEM photography of geopolymer pastes,

(a) FBC-C75G0, (b) FBC-C75G5, (c) FBC-C75G10,

(d) FBC-Bi100G0, (e) FBC-Bi100G5, (f) FBC-Bi75G0,

and (g) FBC-Bi75G5.

reactive and contained a higher amount of amorphous

phase than the FBC-FA11.

CONCLUSIONS

The FBC-C and FBC-Bi could be used as source ma-

terials for the production of geopolymer. The blending

with 25%wt PCC-FA improved the geopolymerization

and resulted in geopolymer pastes with increased

compressive strengths and reduced porosity. The

improvement was due to the blending with the more

reactive PCC-FA. The addition of G further improved

the geopolymerization of the paste and resulted in

additional increase in strength and reduction in poros-

ity. The incorporation of 5%wt G was optimum.

The increase in Ca2+ ions from G formed additional

CSH and improved the strength and reduced the total

porosity of geopolymer.
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Abstract: The Al-rich waste with aluminium and hydrocarbon as the major contaminant is generated at the wastewater treatment unit of a 
polymer processing plant. In this research, the heat treatment of this Al-rich waste and its use to adjust the silica/alumina ratio of the high 
calcium fly ash geopolymer were studied. To recycle the raw Al-rich waste, the waste was dried at 110 C and calcined at 400 to 1000 C. 
Mineralogical analyses were conducted using X-ray diffraction (XRD) to study the phase change. The increase in calcination temperature to 
600, 800, and 1000 C resulted in the phase transformation. The more active alumina phase of active -Al2O3 was obtained with the increase 
in calcination temperature. The calcined Al-rich waste was then used as an additive to the fly ash geopolymer by mixing with high calcium 
fly ash, water glass, 10 M sodium hydroxide (NaOH), and sand. Test results indicated that the calcined Al-rich waste could be used as an 
aluminium source to adjust the silica/alumina ratio and the strength of geopolymeric materials. The fly ash geopolymer mortar with 2.5wt% 
of the Al-rich waste calcined at 1000 C possessed the 7-d compressive strength of 34.2 MPa. 
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1. Introduction 

The Al-rich waste is generated at the wastewater treat-
ment unit of a polymer processing plant. In this process, 
aluminium chloride (AlCl3) is used as a catalyst for the po-
lymerization of hydrocarbon resin [1]. Neutralization with 
sodium hydroxide (NaOH) solution is performed on the 
polymer product. The resulting sewage contains aluminium 
hydroxide (Al(OH)3) gel and is discharged into the waste-
water treatment unit. The sewage is then treated with sul-
phuric acid (H2SO4) solution in order to adjust the pH value 
and to coagulate the Al-rich waste. The solid waste is finally 
separated from the wastewater and disposed off in landfill. 

The leaching of aluminium ions and other contaminants into 
groundwater is the main concern. The flowchart of the waste 
generation and treatment process is shown in Fig. 1. 

The aluminium waste contains many forms of aluminium 
compounds. Al(OH)3 is the major compound, and alumin-
ium and sodium sulphate are the minor ones. The high an-
nual output of Al-rich sludge leads to the problems of waste 
management and increases the treatment costs. A number of 
researches [2-4] have been conducted to utilize this Al-rich 
industrial sludge as a filler in cement and ceramic products. 
Due to the high water content up to 85wt% and the impurity 
of this sludge, treatment is needed to improve its properties 
before it can be effectively used. After the filter pressing  
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Fig. 1.  Flow diagram of waste generation. 

process, this sludge is basically the colloidal aluminium hy-
droxides with some soluble salts such as aluminium sulphate 
[2]. 

The high water content and the gel-like consistency of the 
sludge make it difficult to form the homogeneous mixture 
with other raw materials. This is the main reason for an in-
crease in the drying shrinkage of ceramic bodies obtained 
from this sludge [3]. The pre-drying of Al-rich sludge at 
100°C gives a strong agglomerated structure and also makes 
it difficult to obtain the proper mixing with other materials. 
Due to its high alumina content, calcination provides the 
opportunity for the application of this waste in the alu-
mina-based materials such as mullite or mullite-alumina 
products. 

In Thailand, the transportation cost for disposal is rather 
high at US$ 25-30/t and keeps rising. The amount of this 
waste increases every year and thus prompts the industry to 
find ways to utilize it. Therefore, this work aims to reuse the 
Al-rich waste by improving its properties with calcination. 
The calcined product should then be ready as an aluminium 
source material to produce the aluminosilicate binder or the 
geopolymeric material using low temperature curing [5-7]. 
Geopolymeric material is the aluminosilicate compound 
prepared at 40-90 C [6-7]. This material possesses high 
early compressive strength compared to the normal concrete 
at the same curing age. 

Fly ash is widely used as an aluminosilicate source mate-
rial for making geopolymer. It has been shown that high 
calcium fly ash is a suitable source material for making 
geopolymer [7-8]. The properties of the fly ash geopolymer 

can be further adjusted with the addition of chemical addi-
tives and mineral compounds such as rice husk ash [9-10]. 
In many instances, the source material contains low alumin-
ium content, and the strength and other properties of the 
geopolymeric materials are impaired [11]. The utilization of 
the Al waste as an additional source material to increase the 
aluminium content of the geopolymer was therefore pro-
posed. 

2. Materials and methods 

2.1. Materials 

The Al-rich waste was obtained from a local polymer 
plant in Thailand. This waste contained high water content 
(ca. 80wt%); therefore, it was oven dried at 110±5 C for 24 
h and the whitish yellow solid was obtained. The dry sample 
was then ground for 1 h using Rapid Mill 1105 (Compound 
Clay Ltd., Thailand) at 500 r/min. The median particle size 
of 15 μm measured by the particle size analyzer (Malvern 
Mastersizer S) was obtained. Grinding apparently reduced 
the grain size and promoted an amorphization, resulting in 
the enhancement of reactivity and structural changes of ma-
terials [12-13]. The chemical composition of this waste is 
presented in Table 1. The loss on ignition (LOI) was deter-
mined according to ASTM D7348. Differential scanning 
calorimetry (DSC) analysis was performed on the ground 
sample and on the commercial Al(OH)3 sample using Pyris 
Diamond DSC (Perkin-Elmer) at a heating rate of 10 C/min, 
nitrogen purging at 20.0 mL/min, and the operation range 
from 50 to 400 C. 

For the preparation of geopolymeric materials, the high 
calcium fly ash from the pulverized coal combustion process 
(PCC), sodium silicate solution (9wt% Na2O, 30wt% SiO2,  

Table 1.  Chemical composition of as-received Al-rich waste 
and fly ash              wt% 

Composition Al-rich waste Fly ash 
Al(OH)3 82.5  
Na2SO4 4.7  
NaCl 4.6  
SiO2  39.4 
Al2O3  21.6 
CaO  12.0 
Fe3O4  11.4 
SO3  2.8 
MgO  10.9 
K2O  2.1 
LOI 8.2 0.8 
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and 61wt% H2O), 10 M NaOH, and graded river sand with 
the fineness modulus of 2.8 were used [8]. 

2.2. Calcination of the ground sample 

Since the Al-rich waste could not be used directly because 
of the high organic contents as indicated by the high LOI of 
8.2%, the calcination was therefore employed. The LOI in-
dicated the amount of organic compounds decomposed at 
400-500 C since this waste was from a polymer plant. The 
ground samples were subjected to the thermal treatment at 
400, 600, 800, and 1000 C for 1 h. The preliminary test in-
dicated that 1-h calcination was sufficient. Although the cost 
of preparing this waste could be slightly higher than the 
normally used raw material, the method provides a new re-
cycling opportunity for this kind of sludge. Mineralogical 
analysis was conducted using X-ray diffraction (XRD, 
PANalytical/Expert). Functional characterization of the cal-

cined wastes was also performed by Fourier transform-in-
frared spectroscopy (FT-IR, Perkin-Elmer System 2000). 

2.3. Preparation of geopolymeric materials 

The Al-fly ash geopolymeric material was prepared by 
mixing the aluminosilicate source materials with sodium 
silicate solution (water glass), 10 M NaOH, and sand. The 
source materials were the blend of the calcined wastes (at 
800 and 1000 C) and fly ash. The fly ash was replaced with 
2.5wt% and 5.0wt% of the calcined wastes. The liquid was 
the mixture of water glass and 10 M NaOH with the mass 
ratio of 2:1. Powdery blend was then mixed with the liquid 
at the mass ratio of 60:40. Sand was used as a filler with a 
sand-to-powdery blend ratio of 2.0 [7-8]. The original 
pre-dried waste was also used to prepare the geopolymeric 
materials for comparison. Mix proportions are tabulated in 
Table 2. 

Table 2.  Mix proportion of geopolymeric materials                                 g 

Sample Fly ash Al waste Water glass 10 M NaOH Sand Remark 
Control 60  27 13 120 Control sample 

2.5Al (PD) 58.5 1.5 27 13 120 
5Al (PD) 57 3 27 13 120 

Pre-dried waste 

2.5Al (800) 58.5 1.5 27 13 120 
5Al (800) 57 3 27 13 120 

Calcined waste 
(800 C) 

2.5Al (1000) 58.5 1.5 27 13 120 
5Al (1000) 57 3 27 13 120 

Calcined waste 
(1000 C) 

 
The pastes were cast into 5 cm cube acrylic plastic molds 

and cured at 60 C for 24 h to activate the reaction [7-8]. 
Specimens were then demolded and left in the controlled 
room of 23 2 C and with the relative humidity (RH) of 
50%. The compressive strengths of specimens were meas-
ured at the age of 7 d using the compression testing machine 
(CB-10M, CBN Co.). The specimen was placed between the 
two steel plates and compressed at a uniform loading rate in 
accordance with the ASTM C109. Compressive strength 
was calculated by dividing the maximum load by the 
cross-sectional area of the specimen. The reported results 
are the averages of three samples. 

The microstructural study of the hardened pastes was 
performed using scanning electron microscopy (SEM, Leo 
1455VP SEM, Zeiss). Nonconductive specimens were coated 
with gold before the examination with the microscope. 

3. Results and discussion 

3.1. Characterization of pre-dried waste 

DSC was used to study the thermal transition of the 

commercial pure Al(OH)3 and the ground pre-dried waste. 
This technique observes the exothermic and endothermic 
events such as glass transition temperature (Tg), crystalliza-
tion temperature (Tc), and melting temperature (Tm). The 
temperature range of the investigation was from 50 to 400 C. 
The results of the DSC-thermogravimetric (TG) analysis 
(endothermic up) are presented in Fig. 2. The commercial 
Al(OH)3 exhibits Tc of 240 C. At this temperature, the crys-
talline arrangement occurred as indicated by the drop in the 
heat flow. The material gave off heat when it crystallized in 
the exothermic transition. Endothermic transition (Tg) was 
also found at 345 C as heat was absorbed for phase transfor-
mation and the broad peak appeared. For the ground pre-dried 
waste, only the crystallization peak Tc was found at 165 C. 
These endothermic peaks indicated the transition of gibbsite 
(Al(OH)3) to boehmite (AlO·OH) at 250 C and the transi-
tion of boehmite to -alumina ( -Al2O3) at 350 C [14-15]. 
The change in location of Tc was due to contaminants in the 
waste. The contaminants were the unreacted hydrocarbons, 
polymer residue, and sodium sulphate from the polymeri-
zation and neutralization processes. These impurities of 
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Al-rich sludge hindered the homogeneous formation; there-
fore, the removal was needed to increase its efficiency. 
Calcination was consequently applied to this waste. 

 

Fig. 2.  DSC-TG curves of commercial pure Al(OH)3 and pre- 
dried waste. 

3.2. Characterization of the calcined waste 

3.2.1. XRD analysis 

The XRD results of the waste after calcination are shown 
in Fig. 3. The calcination duration and the temperature are 
significant factors for the phase change and removal of im-
purities. The calcination resulted in the amorphous phase 
with some crystalline phases [16]. The compounds detected 
in the pre-dried sample were gibbsite (Al(OH)3), sodium 
sulphate (NaSO4), and sodium chloride (NaCl) as shown in 
Table 1. At the calcination temperature of 400 C, -Al2O3 
was formed. For the calcination temperatures of 600, 800, 
and 1000 C, two distinct peaks at 37  and 46  indicated the 
incipient phase of active -Al2O3. The glassy phase was in-
creased due to the increase in calcination temperature as in-
dicated by the appearance of broad peaks. The -Al2O3 was 
formed in large quantity with some impurities of NaCl and 
Na2SO4 at 600 and 800 C. The decomposition temperatures 
of NaCl and Na2SO4 were 780 and 880 C, respectively. At 
1000 C, NaCl disappeared and the sample contained a 
higher amount of the amorphous phase. The calcination of 
gibbsite produced a series of transitions of alumina as shown 
in the following equation [14, 17]: 

Gibbsite
o200 C -boehmite

o400 C   

-Al2O3
o750 C o900 C o1200 C -Al2O3. 

 

Fig. 3.  XRD patterns of the Al-rich waste. Cl NaCl; S  
Na2SO4; gibbsite; boehmite; -Al2O3; -Al2O3. 

All transition phases are stable at room temperature. It 
has been pointed out that the transformation temperatures 
are somewhat variable depending on the impurities of the 
starting materials [3, 17]. Practically, various substances can 
be produced with mixed crystalline forms of Al(OH)3, 
AlO·OH, and aluminium oxide (Al2O3) with water mole-
cules. These are known as hydrated alumina. Calcination of 
the hydrated hydroxide resulted in the loss of water and 
produces various kinds of active alumina. They differ in 
porosity, number of remaining OH groups, and particle 
size. They can be used as catalyst supports and in chroma-
tography. 

3.2.2. IR spectra 

Fig. 4 shows the FT-IR spectra of the pre-dried and the 
calcined samples at 800 and 1000 C. Spectrum characteri-
zation of the products is based on the analysis of the absorp-
tion bands, which are due to the vibrations of OH groups in 
the ranges of 800 to 1300 cm 1 (bending vibrations) and 
3000 to 3800 cm 1 (stretching vibrations). Despite the sig-
nificant similarity of the structures, the arrangements of the 
layers in some hydroxides were different in the O H····O H 
distances (predetermining the length of the hydrogen bond), 
which led to a change in the arrangement of the IR bands 
[18]. The vibration stretching of S=O of the sulfonate group 
of Na2SO4 was located at 1100 cm 1. The absorption peaks 
in the region of 700 to 400 cm 1 corresponded to the exis-
tence of Al(OH)3 and Al2O3. The IR spectra of the calcined 
samples were slightly different from that of the pre-dried  
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sample. In the region of 1000 to 400 cm 1, the calcined 
samples showed a noticeable change with peak shift com-
pared to that of the pre-dried sample and a broader peak at 
1000 to 800 cm 1 resulting from the phase transformation of 
gibbsite to active -Al2O3. At high calcination temperature, 
Al(OH)3 dehydrated to Al2O3, resulting in the absorption 
band shift. The change of the crystal structure could also be 
responsible for the differences. In addition, the band of 
gibbsite could partially overlap with that of boehmite at 
1070 cm 1 as in the pre-dried sample. From the results of 
XRD and IR spectra, the waste samples with the calcination 
temperatures of 800 and 1000 C were selected to blend with 
fly ash for making the geopolymeric materials. 

 
Fig. 4.  IR spectra of the pre-dried and calcined samples. 

3.2.3. Compressive strength 

The pre-dried sample and calcined samples (if applicable) 
were mixed with fly ash, water glass, 10 M NaOH, and sand 
to form geopolymeric materials. The compressive strengths 
of the specimens are presented in Fig. 5. The control geo-
polymeric specimen had the compressive strength of 27.6 
MPa. Blending of the fly ash with the pre-dried waste gave 
slightly lower strengths of 27.4 and 24.8 MPa for 2.5wt% 
and 5.0wt% replacements, respectively. The pre-died waste 
contained impurities and the low strength geopolymers were 
thus obtained. The low replacement level of 2.5wt% 
pre-dried waste resulted in a small decrease in strength. 
However, at the 5wt% replacement level, the strength was 
significantly reduced. In contrast, the calcined waste at 800 
and 1000 C gave higher strengths than that of the control. 
For the calcined waste at 800 C, the 7-d compressive 

strengths of the mixes with 2.5wt% and 5wt% replacements 
were 31.2 and 29.9 MPa, respectively. At a high calcination 
temperature of 1000 C, the compressive strengths of the 
2.5wt% and 5wt% replacements were significantly in-
creased to 34.2 and 31.6 MPa, respectively. The higher 
strength was obtained as a result of the increase in amor-
phous phase of the calcined waste at high temperature. The 
amorphous phase was relatively active and enhanced a 
chemical bonding between the Al-compound and sodium 
silicate. The Al dissolved in sodium silicate solution and re-
placed the four-coordinate Si in the silicate network leading 
to a strong chemical bonding [13, 19]. The presence of 
gibbsite (Al(OH)3) increased the strength of geopolymer 
compared with that containing both boehmite and gibbsite. 
The gibbsite readily dissolves at moderate hydroxide con-
centrations and temperatures. The dissolution of -Al2O3 
and other Al forms, however, requires more rigorous condi-
tions and generally is kinetically slow [20]. As a result, 
NaOH in the mixture helped the dissolution of gibbsite, re-
sulting in the strength enhancement of geopolymeric mate-
rials. In addition, calcination removed impurities and pro-
moted the phase transformation. 

 
Fig. 5.  Compressive strength of Al-fly ash geopolymeric ma-
terials at the 7-d curing. 

However, the increase in Al content could adversely af-
fect the strength. The surplus aluminium acted as the filler 
because of the insufficient amount of Si for geopolymeriza-
tion reaction. However, for the source material with high 
silica content such as rice husk ash, the high Al dosage is 
beneficial for the strength development of the geopolymer 
[21]. The mechanical strength of the material is known to be 
enhanced by a high initial silica-to-alumina (SiO2/Al2O3) ra-
tio, which increases the number of strong Si–O–Si bonds in 
the final product [22]. The Al2O3 content in the system also 
plays an important role in the controlling process kinetics 
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[23-24]. The SiO2/Al2O3 ratios of the specimens are shown 
in Table 3. 

Table 3.  SiO2-to-Al2O3 ratio in geopolymer mixtures 

Geopolymer sample SiO2-to-Al2O3 molar ratio 
Control 4.32 

2.5wt% Al-rich waste 3.88 
5wt% Al-rich waste 3.51 

 

It was reported that the optimum SiO2/Al2O3 ratio was 
between 3.5 and 4.0 for good strength geopolymer. The use 
of low SiO2/Al2O3 ratio resulted in an Al-rich aluminosili-
cate gel and a low strength geopolymer. The mechanical 
strength rose during the transformation of the Al-rich into a 
Si-rich aluminosilicate gel [23]. In addition, some calcium 
silicate hydrate (C S H) was also formed and coexisted 
with the class C fly ash geopolymeric products [24]. The 
formation of C S H contributed partly to the strength de-
velopment and resulted in less silica available for the geo-
polymerization reaction. The aluminosilicate phase with a 
low Si/Al ratio was therefore obtained [25]. A decrease in 
Si/Al ratio could lead to the aluminosilicate compound of 

lower strength accompanied by the increase in crystalline 
phase [26]. Therefore, the increase in the fly ash replace-
ment level of the Al-rich waste from 2.5wt% to 5wt% re-
sulted in the geopolymer with a lower strength. 

3.2.4. Microstructural study 

The microstructures of Al-fly ash geopolymer pastes 
prepared by the pre-dried and the calcined samples (1000 C) 
with 2.5wt% replacement were investigated using SEM. Fig. 
6 shows the geopolymer gel formation on the fly ash parti-
cles. The hardened gel prepared using the non-calcined 
Al-rich waste was not homogenous and agglomerations of 
the gel were easily detected. Partially reacted fly ash parti-
cles were easily detected as a result of the low reactivity of 
the waste. For the calcined Al-rich waste, the formation of 
the gel fully covered the fly ash particles resulting in the 
more homogenous matrix compared with the pre-dried Al 
waste sample due primarily to the increased reaction of ac-
tive alumina ( -Al2O3). The gel bound the fly ash particles 
and formed a dense geopolymer matrix, resulting in an in-
crease in compressive strength. Therefore, calcination en-
hanced the reactivity of Al-rich waste, making it suitable for 
use as an alternative aluminium source material. 

 
Fig. 6.  SEM images of Al-fly ash geopolymer: (a) 2.5Al (PD) sample; (b) 2.5Al (1000) sample. 

4. Conclusions 

The improvement of the Al-rich waste from a polymer 
plant can be made by grinding and calcination. The calcina-
tion transformed the inactive boehmite to active alumina 
( -Al2O3). According to the XRD pattern, the calcination 
temperature of the waste needs to be higher than 800 C to 
obtain the phase transformation. The ground calcined waste 
with a median particle size of 15.0 μm can be used as an ad-
ditional source material for adjusting the silica-to-alumina 
ratio of the fly ash geopolymeric materials. A reasonable 
compressive strength of 34.2 MPa was obtained at the age 
of 7 d for fly ash geopolymer mortar with 2.5wt% replace-
ment of the Al-rich waste (calcined at 1000 C) compared 
with the strength of 27.6 MPa of the control. 
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Abstract. In this paper, compressive strength, water permeability and abrasion resistance of concretes
containing high volume fine fly ash (FFA) and fine ground palm oil fuel ash (GPA) were studied.
Portland cement type I was replaced with FFA and GPA at dosages up to 70% by weight of binder.
Ground river sand (GRS) was also used to replace Portland cement in order to indicate the level of filler
effect. Results indicated that FFA was slightly more reactive than GPA. The replacement of 40-70% of
FFA produced concretes with compressive strength, permeability and abrasion resistance comparable to
those of normal concretes. The incorporation of GPA slightly reduced the performances of concretes as
compared to those of FFA concretes. The reduction of Portland cement was partly compensated by the
increase in pozzolanic activity of the fine fly ash and palm oil fuel ash and thus enabled the large
replacement levels. 

Keywords: concrete; water permeability; abrasion resistance; fly ash; palm oil fuel ash.

1. Introduction

Strength, water permeability and abrasion resistance of concrete are recognized as important

properties of concrete. They indicate the quality of concrete, its durability and service life. The most

critical parameters controlling durability of concrete are governed by the transportation of liquid or

fluid in concrete. Therefore, durability of concrete can be monitored as a function of water permeability.

The deterioration of concrete during its service life arises primarily from its high permeability (Naik

et al. 1996, Basheer et al. 2001, Khan 2003). It has been shown that incorporation of pozzolans

with suitable dosage level can improve the permeability of concrete (Vedalakshmi 2003). 

Abrasion resistance also indicates the durability, especially for concretes which require strong

surface such as hydraulic structure, traffic pavement and parking lots. The abrasion is caused by the

rolling or grinding of any element against the concrete surface. This phenomenon induces damage

to concrete and can jeopardize the whole structure integrity. Abrasion resistance of concrete is

* Corresponding author, Professor, E-mail: prinya@kku.ac.th
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influenced by various factors, such as mixture proportion, aggregate property and supplementary

cementitious materials. Researches indicated that the abrasion resistance depended primarily on the

strength of concrete (Siddique 2003, Li et al. 2006).

Fly ash, a well-known pozzolan, has been extensively used in concrete work. Its use increases the

durability of concrete through pore refinement and reduction in calcium hydroxide of cement paste

matrix (Chindaprasirt et al. 2007, Malhotra 2002). Properties of concrete are affected by both

quality and quantity of fly ash. It is generally agreed that fine fly ash is more reactive and thus

improves the properties of mortar and concrete than as-received coarse fly ash (Chindaprasirt et al.

2004, Chindaprasirt et al. 2010a, Erdogdu and Turker 1998, Sata et al. 2011). 

Palm oil fuel ash has been recently introduced as a new pozzolanic material. It has to be properly

ground to obtain satisfactory reactivity (Tangchirapat et al. 2009). Properties of concrete such as

compressive strength, chloride penetration resistance and alkali-silica reaction can be improved when

incorporated with palm oil fuel ash (Awal and Hussin 1997, Chindaprasirt et al. 2010b, Rukzon and

Chindaprasirt 2009a, 2009b, Tay 1990). However, palm oil fuel ash is not yet being used

commercially in concrete industry and almost all of it is discarded in landfills. 

Because the global price of Portland cement is increasing and the production process consumes

large amount of energy which leads to greenhouse effect (Malhotra 2002), many attempts are being

made to utilize higher percentage of supplementary cementitious materials or pozzolans to replace

conventional Portland cement. It is generally accepted that the use of supplementary material at low

replacement level produced good concrete with reduced porosity, increased durability and acceptable

strength (Chindaprasirt et al. 2005, Malhotra 2002, Ramezanianpour and Malhotra 1995). The reactivity

of the pozzolanic materials increases with the increase in their finenesses (Chindaprasirt et al. 2004,

Erdogdu and Turker 1998, Sathonsaowaphak et al. 2009). This should allow a higher replacement

level of these pozzolanic materials in the concrete industry. 

Inert materials such as ground sand are incorporated to Portland cement to produce silica cement

(Neville 1995). This is to adjust some of the properties of the cement, lower the cost and reduce the

use of Portland cement. It is also successful to use inert material to replace part of cement to study

the filler effect on the strength development of concrete (Tangpagasit et al. 2005). 

This work aims to investigate the water permeability and abrasion of concrete containing high

volume FFA and GPA. The results will be useful and lay some ground work for utilization of high

fine pozzolan replacement of Portland cement.

2. Experimental program

2.1 Materials and concrete mixtures

Ordinary Portland cement (OPC) was used for all concrete mixtures. Lignite fly ash from Mae

Moh power plant in the north of Thailand was used. FFA was obtained from air classifier. GPA was

obtained from ball mill grinding of palm oil fuel ash; a waste material from the palm oil extraction

factory. In addition, ground river sand (GRS) with similar fineness to FFA and GPA was used to

indicate the filling effect (Isaia et al. 2003, Nehdi 1998, Tangpagasit et al. 2005). Physical properties and

chemical compositions of the OPC and replacement materials (R) are reported in Tables 1 and 2.

FFA, GPA and GRS finenesses were similar with percentages retained on No. 325 sieve (45 µm

opening) of 1.0-2.5% by weight. Natural river sand with a fineness modulus of 2.44 and specific

gravity of 2.65 and crushed limestone with nominal size of 20 mm and specific gravity of 2.67
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were used as fine and coarse aggregates in concrete mixtures, respectively. 

Table 3 shows the concrete mixture proportions. The controlled concrete with water to cement

ratio of 0.71 and slump of 75 mm was selected so that the effects of incorporating FFA and GPA

can be gauged with confidence. Slumps were maintained at 75±15 mm and water to cement and

replacement material ratios (W/(C+R)) were controlled within 0.71±0.05 except for FFA as it

Table 1 Physical properties of cement and replacement materials

Material Specific gravity
Retained on a sieve 

No. 325 (%)
Median particle size, d50 

(µm)

Portland cement type I (OPC) 3.14 - 14.7

Classified fly ash (FFA) 2.52 2.43 5.5

Ground palm oil fuel (GPA) 2.43 1.0 8.1

Ground river sand (GRS) 2.65 2.02 6.0

Table 2 Chemical composition of cement and replacement materials

Compositions OPC  FFA GPA GRS

SiO2 20.9 41.1 57.8 92.8

Al2O3 4.8 22.5 4.6 3.2

Fe2O3 3.4 11.6 3.3 0.3

CaO 65.4 15.3 6.6 0.6

MgO 1.2 2.8 4.2 0.5

Na2O 0.2 1.7 0.5 0.4

K2O 0.3 2.9 8.3 0.3

SO3 2.7 1.5 0.3 0.5

LOI 0.9 0.2 10.1 0.6

Table 3 Concretes mix proportions

Mixes OPC FAA GPA GRS Fine Coarse Water
W/C+R

Slump

(kg) (kg) (kg) (kg) (kg) (kg) (kg) (mm)

Control 300 - - - 915 1080 213 0.71 75

FFA20 240 60 - - 920 1084 200 0.67 85

FFA40 180 120 - - 933 1098 185 0.62 80

FFA55 135 165 - - 928 1093 189 0.63 80

FFA70 90 210 - - 902 1067 202 0.67 90

GPA20 240 - 60 - 907 1072 220 0.73 65

GPA40 180 - 120 - 900 1064 222 0.74 70

GPA55 135 - 155 - 894 1059 225 0.75 90

GPA70 90 - 210 - 889 1011 228 0.76 70

GRS20 135 - - 60 905 1070 212 0.71 75

GRS40 180 - - 120 896 1060 216 0.72 60

GRS55 135 - - 165 882 1046 222 0.74 65

GRS70 90 - - 210 886 1050 228 0.76 60



334 S. Homwuttiwong, C. Jaturapitakkul and P. Chindaprasirt

improved workability and slightly lowered the W/C+R ratios of concretes. These were achieved

without the aid of plasticizer. The concretes with Portland cement replaced with 20, 40, 55 and 70%

of FFA, GPA and GRS were prepared and tested.

2.2 Testing procedure

2.2.1 Compressive strength

Concrete cylinders of 100 mm in diameter and 200 mm in height were cast, demolded at 24 hours

and cured in water. The compressive strength of concretes was tested at 28 and 90 days. The report

results are the average of three samples.

2.2.2 Water permeability

For permeability testing, concrete cylinder was sliced to discs of 40 mm thickness and the ends

were discarded. The disc was installed in permeability cell as suggested by Khatri and Sirivivatnanon

(1997). Distilled water was used as fluid to flow through concrete disc under constant pressure. The

pressure of 0.5 MPa (5 bars) recommended by concrete society (1987) was employed. Report

results are averages of four samples. Flow rate was monitored and the steady flow rate was used to

calculate permeability using equation based on Darcy’s law and equation of continuity. 

K - coefficient of permeability, ρ - density of water, L - thickness of concrete sample, g - gravity

acceleration, Q - flow rate, P – pressure of water, A - cross sectional area of sample

2.2.3 Abrasion resistance

Abrasion resistance of concrete was evaluated according to ASTM C1138 (Underwater method).

Samples of 300 mm in diameter and 100 mm in height were cast and cured in moist condition for

28 days. The samples were installed in the abrasion machine containing 70 chrome steel balls

placed on the concrete upper surface. Fresh water was filled to the specified level and stirring of

steel balls with blade was performed for 12 hours. This procedure was repeated 6 times. The

abrasion of concrete was calculated from the weight loss of the samples.

3. Results and discussion

3.1 Properties and particle shape of materials 

The chemical compositions of the materials as shown in Table 2 revealed that the classified fly

ash could be assigned as class F as prescribed by ASTM C 618. For GPA, the contents of SiO2 +

Al2O3 + Fe2O3 were 65.7%, while the GRS consisted of 92.8% SiO2.

Fig. 1 shows the particle size distribution curves of OPC, FAA, GPA and GRS and their median

particle sizes (d50) are 14.7, 5.5, 8.1 and 6.0 µm, respectively. The particle size distribution curves of

FFA, GPA and GRS are similar. Their particle sizes are slightly finer than the OPC. As shown in Fig.

2, the FFA is spherical in shape and its surface is relatively smooth. On the other hand, OPC, GPA and

GRS contain particles with angular and irregular shape as a result of crushing and milling processes.

K
ρLgQ

PA
--------------=
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3.2 Water requirement in concrete mixes

The amounts of mixing water are shown in Table 3. The use of FFA reduced the W/(C+R) ratios of fly

ash concrete compared to that of the control concrete. For example, the W/(C+R) ratios of the control

concrete, FFA20 (mix with 20% FFA), FFA40, FFA55 and FFA70 concretes were 0.71, 0.67, 0.62, 0.63

and 0.67, respectively. The reduction in water requirement was the result of the ball bearing effect of the

spherical FFA particles. For the GPA and GRS concretes, the opposite trend of results was obtained. The

W/C+R ratios of both GPA and GRS concretes were slightly higher than that of control concrete and

increased with the increase in the replacement level. The angular and irregular particles of GPA and GRS

increased the water requirement to maintain the same workability compared to that of the control concrete.

Fig. 1 Particle size distribution of cement and replacement materials

Fig. 2 Scanning electron microscopy (SEM) of cement and replacement materials
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3.3 Compressive strength 

Table 4 shows compressive strengths and normalized compressive strengths of concretes containing

FFA, GPA and GRS in comparison with that of control concrete. The relationship between the

compressive strengths of concretes and the replacement levels are shown in Fig. 3.

The compressive strengths of FFA20 were 32.5 and 35.4 MPa or 123% and 126% of the control

concrete at 28 and 90 days, respectively. The strengths of FFA concretes with the 55% replacement

were still higher than that of the original concrete. When the cement replacement by FFA was 70%,

the compressive strength of FFA concrete was slightly lower than that of control concrete. The

Table 4 Compressive strength, water permeability and abrasion of concretes 

Mixes

Comp. Strength (MPa)
 –Normalized (%)

k × 10−12 (m/s) - k/kCON
Abrasion

depth

28 days 90 days 28 days 90 days (mm)

Control 26.1 – 100 28.2 - 100 2.89 - 1.00 2.05 - 1.00 2.55

FFA20 32.5 – 123 35.4 - 126 1.32 - 0.46 0.44 - 0.21 2.38

FFA40 31.9 – 122 34.0 - 121 0.51 - 0.18 0.32 - 0.16 2.41

FFA55 29.1 – 111 31.8 - 113 0.72 - 0.25 0.42 - 0.21 2.67

FFA70 25.5 – 98 27.1 - 96 1.85 - 0.64 1.54 - 0.90 3.45

GPA20 23.9 – 92 29.4 - 104 0.59 - 0.20 0.25 - 0.12 2.75

GPA40 20.7 – 79 23.7 - 84 0.41 - 0.14 0.26 - 0.13 3.23

GPA55 18.1 – 69 22.3 - 79 3.30 - 1.14 2.38 - 1.16 3.67

GPA70 14.9 – 57 17.5 - 62 37.30 - 12.9 23.10 - 11.27 4.34

GRS20 22.2 – 85 25.9 - 92 8.16 - 2.83 5.91 - 2.88 3.54

GRS40 16.0 – 61 17.2 - 61 22.60 - 7.83 10.20 - 4.98 4.62

GRS55 9.1 – 35 9.3 - 33 630 - 218 447 - 218 5.73

GRS70 5.1 - 20 5.2 - 18 2250 - 780 2450 - 1195 6.52

Fig. 3 Relationship between the compressive strength of concrete and the cement replacement level
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results indicated better performance of high volume FFA concrete compared to that of high volume

normal fly ash concrete (Jiang and Malhotra 2000, Serdar et al. 2007). The good performance of

FFA was due to the ball bearing effect, the dispersion effect and the enhancement of the pozzolanic

reaction of small particle size of FFA (Erdogdu and Turker 1998, Chindaprasirt et al. 2004). 

The compressive strength of GPA concretes decreased with the increase in the replacement levels.

The 28-day compressive strengths of GPA20, GPA40, GPA55 and GPA70 concretes were 23.9,

20.7, 18.1 and 14.9 MPa or 92, 79, 69 and 57% of the control concretes, respectively. These results

were due to the less Portland cement content and the slightly larger amount of water in the concrete

mixture. At 90 days, the compressive strength of GPA20 concrete was, however, improved

compared to the compressive strength at 28 days. This confirmed that a substantial amount of

pozzolanic reaction was obtained with the use of GPA in concrete. High volume 40-70% GPA could

also be used to produce concrete with acceptable 28-day compressive strength of 15-20 MPa. It

should be pointed out here that higher strength concretes could be obtained with lower water to

cement ratio with the aid of superplasticizer (Jiang and Malhotra 2000, Serdar et al. 2007).

For GRS concretes, the 28-day and 90-day normalized compressive strengths of GRS20 concrete

were 85 and 92% of control concrete. At low level of replacement, the filler effect is significant and

this resulted in only slight reduction in strengths. The compressive strengths of GRS concretes,

however, decreased substantially as the level of replacement was increased. The GRS produced

filler effect from its small particle size without pozzolanic effect (Tangpagasit et al. 2005) and was

thus not effective in terms of maintaining the acceptable strengths with high replacement level. At

high replacement level, the pozzolanic effect played the dominant role in maintaining the acceptable

level of strengths. 

3.4 Permeability of concrete

The permeability of concretes and the ratios of permeability are given in Table 4. The ratio of

permeability is defined as the permeability of concrete containing replacement materials divided by

that of the control concrete. The values of water permeability of the control concrete at 28 and 90

days were 2.89 × 10−12 m/s and 2.05 × 10−12 m/s, respectively. 

Fig. 4 shows the relationship between permeability and replacement levels of materials. The

values of permeability of concretes decreased with the age of samples. This was the result of the

increase in hydration and pozzolanic reaction with time (Ramezanianpour and Malhotra 1995). The

permeability values of FFA concretes were lower than those of the control concretes for all

replacement levels. The lowest permeability was obtained with the replacement of 40%. This result

can be attributed to the pozzolanic reaction from FFA, and the less amount of mixing water

influenced the reduction in volume and size of pores in cement paste (Poon et al. 2001). Moreover,

the filler effect of the smaller particles of FFA also assisted to produce a denser cement matrix

(Govindarajan and Gopalakrishnan 2009).

GPA concretes also showed the same characteristic of permeability as FFA concretes when the

replacement levels were up to 40% by weight of binder. The 90-day water permeability of GPA20

and GPA40 concretes were 0.25 × 10−12 m/s and 0.26 × 10−12 m/s or 0.12 and 0.13 of those of the

control concretes, respectively. For the GPA40 concrete, its water permeability was also lower than

that of control concrete in spite of the slightly higher water content (0.74 for GPA40 concrete and

0.71 for control concrete). Although the pozzolanic reaction of GPA was lower than that of FFA as

indicated by the strength development characteristics, the permeability values were similar at this
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range of replacement. This suggested that filler and pozzolanic effects were comparatively high up

to replacement level of 40% of GPA and contributed to the low permeability of the concretes. 

At higher replacement level of 55 and 70% of GPA, the permeability increased significantly. The

90-day ratios of permeability of GPA55 and GPA70 concretes were 1.16 and 11.27, respectively.

This resulted from the slightly higher water content of the mixes, the low pozzolanic reaction and

the low filler effect which were not sufficient at the high level of replacement. 

The ratios of water permeability of GRS20, GRS40, GRS55 and GRS70 concretes at 28 days

were 2.83, 7.83, 218 and 780, respectively. Only the GRS20 concrete gave the acceptable level of

permeability. For high level of replacement, the filling effect alone was not able to maintain the low

level of permeability of the concretes. At high replacement level, the pozzolanic effect also played

the dominant role similar to that of strength. 

The relationships between water permeability and compressive strength of concrete at 90 days are

presented in Fig. 5. In general, the permeability decreased when concrete compressive strengths

were higher. The high volume FFA concrete showed both high strength and low permeability. The

high volume GPA concrete showed slightly lower strength and higher permeability than those of

Fig. 4 Relationship between water permeability of concrete and cement replacement level

Fig. 5 Relationship between water permeability and compressive strength of concrete at 90 days 
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FFA concrete. At high level of replacement, the filler effect became less significant and the

performances of concrete relied mainly on the pozzolanic reaction.

3.5 Abrasion resistance of concrete

The abrasion of concretes is shown in Table 4 and the relationship between abrasion and

replacement levels of materials is shown in Fig. 6. The abrasion of concrete in this investigation

ranged from 2.38-5.52 mm. The abrasion of FFA concrete was slightly lower than that of the OPC

concrete with the replacement level up to 40% and the lowest value was 2.38 mm for FFA20

concrete compared to 2.55 mm of the OPC concrete. A similar trend of result of decreasing

abrasion resistance with OPC replacement level of above 50% with class C fly ashes was reported

by Naik et al. (2002). 

For GPA concretes, the abrasion increased as the content of GPA increased. The depth of wear of

GPA20 was slightly higher at 2.75 mm than those of FFA and OPC concretes. The abrasion

resistance of GRS concrete significantly increased with the increase in the replacement level. This

indicated that although the incorporation of GRS produced filling effect, it had an adverse effect on

the abrasion resistance of concrete. The filling of GRS did not have a cementing property which

helped to resist the abrasion.

Fig. 7 presents the relationships between the depth of abrasion, permeability and compressive

strength of concrete at 28 days. The compressive strength of concrete with the incorporation of

supplementary material is related to the abrasion resistance. The abrasion resistance increased with

increasing compressive strength and could be expressed in terms of exponential equation with R2 of

0.945. The previous researches also reported that the abrasion resistance was strongly governed by

its compressive strength (Siddique 2003, Li et al. 2006).

The relationship between water permeability and depth of abrasion of concrete is also shown in Fig. 7.

As expected, the high permeability concrete produced low abrasion resistance. The relationship

could also be expressed in terms of exponential relation with R
2 of 0.899. This result agreed with

Fig. 6 Relationship between abrasion and replacement level at 28 days 
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that of Liu et al. (2006) who studied the abrasion erosion of concrete using the water-borne sand

and found that the concrete with high coefficient permeability exhibited the low abrasion erosion

resistance. 

4. Conclusions

From this study, it can be concluded that high volume fine fly ash (FFA) and fine ground palm oil

fuel ash (GPA) can produce concrete with acceptable strength, water permeability and abrasion

resistance. FFA is an effective pozzolan for use in high volume as it produces good pozzolanic

reaction through the small particle size and requires less water through the ball bearing effect of the

spherical particles. GPA is slightly less effective pozzolan compared to FFA and its use in high

volume resulted in slightly lower strength and higher water permeability. 
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Dielectric properties of 2–2 connectivity lead magnesium niobate-lead titanate (PMN-
PT)/Cement composites were investigated at 0.1–20 kHz. PMN-PT of 60–80% by volume
was used. The composites were fabricated using a dice and fill technique and cured
in 98%RH curing chamber for 7 days before measurements. Dielectric constant (εr)
at 1 kHz increased with PMN-PT volume, having values of 1504, 1645 and 2390
respectively. Dielectric loss (tanδ) values are 0.382, 0.185 and 0.188 at 1 kHz. In
addition, the dielectric constant was found to decrease with an increase in the frequency
tested having value of 1692, 1504 and 1322 for 0.1, 1 and 20 kHz respectively. The
dielectric loss was found to be less with increasing frequency at 0.702, 0.382 and 0.179
for 0.1, 1 and 20 kHz respectively.

Keywords PMN-PT; cement; composites; 2–2 connectivity; dielectric properties

1. Introduction

A number of research developments have been made very recently on the composite material
which consists mainly of a piezoelectric ceramic and a cement-based material [1–19].
Among those, many dielectric and piezoelectric properties of 0–3 connectivity composites
were reported [1–4, 6–13, 15–19]. One of the mostly used piezoelectric ceramic materials
is lead zirconate titanate (PZT) as it has very high piezoelectric coefficient (d33) and
dielectric constant (εr ) [20, 21] and most of the piezoelectric-cement based composites were
produced using PZT as the piezoelectric ceramic in the composite [1–14, 17–19]. Another
piezoelectric material such as lead magnesium niobate-lead titanate, Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT) may also be used as PMN-PT ceramic has a high dielectric constant
(εr ) and high piezoelectric coefficient [22]. For cement-based composite produced with
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piezoelectric materials other than PZT such as PMN-PT very little is know. In this research
work, PMN-PT/cement composite material was produced from PMN-PT with normal
Portland cement (PC) as a composite of 2–2 connectivity PMN-PT/PC composite and
dielectric properties were investigated at 0.1–20 kHz.

2. Experimental

A columbite technique was first used to produce PMN powder where MgNb2O6 or MN pow-
der was produced by calcining magnesium carbonate hydroxide pentahydrate (MgCO3)4Mg
(OH)2.5(H2O) and Nb2O5 at 1150◦C. MN powder was mixed with lead oxide (PbO) in
ethanol and milled together in a zirconia ball mill for 24 h, and were calcined at 800◦C
to produce PMN powder. Lead titanate (PbTiO3) was produced in a similar manner using
mixed oxide method from PbO and TiO2. PMN and PT were then mixed together at a molar
ratio of 0.67PMN – 0.33PT in ethanol and milled together for 30 minutes. PMN and PT
powder were then pressed into pellets before sintering at 1250◦C for 2 h to finally produce
PMN-PT ceramic disc of ≈15 mm in diameter and ≈2 mm thick. The composites were
fabricated using a dice and fill technique where Portland cement paste was filled in the gaps
after cutting and cured in 98%RH 60◦C curing chamber for 7 days before measurements.
An impedance meter (Hewlett Packard 4194A) was used to obtain the capacitance and
the dissipation factor (dielectric loss: tanδ) of the composites at room temperature and at
frequency of 0.1, 0.5, 1, 5, 10 and 20 kHz. The relative dielectric constant (εr) was the
calculated from the following equation:

εr = Ct

ε0A

where C is the sample capacitance, t is the thickness, ε0 is the permittivity of free space
constant (8.854 × 10−12 Farad per meter), and A is the electrode area.

Figure 1. Dielectric constant results of 2–2 PZT-cement composites at 0.1 to 20 kHz.
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Figure 2. Dielectric loss results of 2–2 PZT-cement composites at 0.1 to 20 kHz.

3. Results and Discussion

The effect of PMN-PT on the dielectric constant at various frequencies (0.1 kHz–20 kHz)
can be seen in Fig. 1 where the dielectric constant is plotted against PMN-PT content. The
dielectric constant of the 2–2 composites can be seen to increase with PMN-PT content for
all frequencies. Moreover, the dielectric constant can be seen to decrease with an increase
in the frequency used. The dielectric constant values are 1692, 1504 and 1322 at 0.1 kHz,
1 kHz and 20 kHz for 60% PMN-PT composite respectively. At a certain frequency, i.e. at
0.1 kHz the εr values can be seen to increase with increasing PMN-PT vol. content which
are 1692, 2283 and 3444 for composite with 60%, 70% and 80% PMN-PT respectively.
At 1 kHz, the εr values are 1504 and 2390 for composite with 60% and 80% PMN-
PT respectively. These values are noticeably higher than reported values at 1 kHz of 0–3
piezoelctric-cement composites [4–7] where the dielectric value is in the region of 200–300
for 50–70% by volume.

The effect of PMN-PT on the dielectric loss measured at the frequency from 0.1 kHz
to 20 kHz can be seen in Fig. 2. In general, the dielectric loss of 2–2 PMN-PT/cement
composites was found to reduce with increasing frequency, for 60% PMN-PT composite
the tanδ values are 0.702, 0.38, 0.239 and 0.179 at 0.1, 1, 10 and 20 kHz respectively. The
tanδ values were also found to reduce with increasing PMN-PT content at all frequency
tested.

4. Conclusions

PMN-PT ceramic/ cement composites of 2–2 connectivity were produced using a dice and
fill method. Dielectric constant (εr) of 2–2 composites at 1 kHz increased with PMN-PT
volume, having values of 1504, 1645 and 2390 respectively. Dielectric loss (tanδ) values are
0.382, 0.185 and 0.188 at 1 kHz. In addition, the dielectric constant was found to decrease
with an increase in the frequency tested having value of 1692, 1504 and 1322 for 0.1, 1 and
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20 kHz. The dielectric loss was found to be less with increasing frequency at 0.702, 0.382
and 0.179 for 0.1, 1 and 20 kHz respectively.
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Abstract 

The effects of several parameters on the workability and strength of alkali-activated high calcium fly ash (AAHCFA) concrete 
were investigated in this study. The AAHCFA concretes were activated with alkali sodium hydroxide solution (NaOH), sodium 
silicate solution (Na2SiO3) and heat. Three alkali liquid to fly ash (L/S) ratios of 0.55, 0.60 and 0.65, three NaOH concentrations 
of 10, 15 and 20 molars (M) and three Na2SiO3/NaOH ratios of 1.0, 1.5 and 2.0 were used. The workability was obtained by 
measuring the slump and the compressive strength was tested to gauge the strength of concrete. The results revealed that the 
workability of AAHCFA concrete was related to the molar ratio of H2O/Na2O in activator, the NaOH concentration, and the L/S 
ratio. The improvement in compressive strength was mainly related to the increase in the NaOH concentrations. The strength 
was, however, reduced with the increase in the Na2SiO3/NaOH ratio. The obtained slumps were in the range of 70 to 260 mm and 
the 28-day compressive strength ranged from 9.0 to 47.5 MPa. The influence of delay time (the time taken from the completion 
of specimen casting to the start of heat curing), curing temperature and curing duration on compressive strength were also 
presented. 
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a b s t r a c t

Bottom ash (BA) from Mae Moh lignite power plant was used to synthesize zeolite and zeolite-like
materials. Low temperature synthesis (100e110 �C) was completed using SiO2 to Al2O3 with molar
ratios of 2.94 and 2.92, respectively. Factors investigated that affect synthesis include particle size
distribution, pretreatment of BA, concentration of alkali solution and liquid to solid ratio. The synthesized
product qualities were characterized by mineralogical composition, morphology, specific surface area,
pore size, pore volume and cation exchange capacity. Natrolite-K zeolite (NAT-K) was obtained with
a solution of BA and 7 M KOH. Zeolite-like material (potassium aluminosilicate hydrate: KASH) was
obtained using very fine BA and 9 M KOH solution. The NAT-K, KASH and BA powders were used to
replace type I Portland cement at 0, 5, 10, 20 and 30% by weight to produce composite materials for heavy
metal encapsulation. The compressive strength and bulk density of the NAT-K- or KASH-hybridized
cement mortars were tested at 1, 7 and 28 days. The heavy metal encapsulation capacity was also tested
using the 28-day cement mortar containing either 5 wt% NAT-K or KASH adsorbed with Cr, Ni and Cd
ions. The results showed that 5 wt% of NAT-K could improve early strength of cement mortar and the
28-day specimens with 5e10 wt% of NAT-K replacement had compressive strength similar to that of the
normal cement mortar. The NAT-K and KASH encapsulate Cr, Ni and Cd ions in the structures of cement
mortar matrices more than 97%.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Worldwide, the coal industry annually produces several million
metric tons of by-products such as fly ash (FA), bottom ash, boiler
slag and flue gas desulfurization material (Ríos and Williams,
2008). The yearly output of lignite bottom ash (BA) produced at
the Mae Moh power plant in Thailand is approximately 0.8 MT, and
it is discarded in landfills as solid wastes. The BA needs proper
grinding to obtain a reasonably fine particle size for use as pozzolan
(Sathonsaowaphak et al., 2009). The BA from the coal industry
contains heavy metals and is harmful to the environment. It is often
used as a low-cost replacement for more expensive sand in the
production of concrete blocks. In many countries, it is used as a base

course in road construction (Cheriaf et al., 1999). Synthesis of
zeolites from BA is one of the promising ways to create a more
environmentally friendly use of the unused solid waste. One of
the good examples is synthesis of zeolite A from BA obtained
from coal-fired boilers within the paper industries in Thailand
(Chareonpanich et al., 2011). The BA obtained from the paper
industry contains more crystalline silica content than that obtained
from steam boilers at Mae Moh power plant. Moreover, due to the
different coal source, their chemical and mineralogical composi-
tions are not similar. In this study, low temperature zeolite
synthesis from lignite BA obtained from Mae Moh power plant is
investigated.

Zeolite has a crystalline aluminosilicate structure with a SiO4
tetrahedra framework. Parts of the structure are substituted with
AlO4 tetrahedra which require charge-compensating cations. These
tetrahedral units are connected with each other as repeating units
forming 3-D porous framework structures in a molecular size
(Kadono et al., 2008). The advantage of zeolites over resins, apart
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from their much lower cost, is their ion selectivity. Because of the
characteristics of zeolite structures and their adsorbent properties,
they have been applied as chemical sieve, water softener and
adsorbents (Hui et al., 2005). Various types of zeolites can be
synthesized from different source materials and under different
conditions. BA, like fly ash, is considered as a starting material
because of its promising chemical and mineralogical compositions
and abundant availability. Although coming from the same source,
mineralogical compositions of BA are totally different from FA due
to their combustion temperature. For example, FA contains inert
material such a mullite which is not easy to be dissolved
(Chindaprasirt and Pimraksa, 2008). However, BA has been utilized
less because its particle size is large and grinding is required to
reduce the particle size and to increase its reactivity.

In previous work, we found that the optimum refluxing condi-
tions for zeolite synthesis from Mae Moh BA with d[4,3] of 23 micron
and Si/Al molar ratio of 1.5 or SiO2/Al2O3 ratio of 3.06 were 5 M KOH
solution, liquid to BA ratio (L/S ratio) of 8 and reaction time of 24 h
(Pimraksa et al., 2010). This resulted in the formation of a zeolite-
like material in the form of potassium aluminum silicate hydrate
(KASH) (KAlSiO4.15H2O) as a main composition and phillipsite-K
(K2[Al2Si2.2O6.4].2H2O) as a minor phase. When 3 M NaOH solu-
tions were used, there was no zeolite formation. This research,
therefore, aims to study further the synthesis of zeolite phases from
Mae Moh BA to discover more potential uses of BA for heavy metal
encapsulation. Various factors affecting this synthesis, including
KOH concentration, liquid to solid ratio, iron content and particle
size distribution of BA were investigated. The quality of the
synthesized zeolite is characterized in terms of mineralogical
composition, microstructure, pore size, pore volume and CEC.

There are many kinds of zeolites suitable for use in encapsula-
tion. Among those that perform best for ion exchange are the ones
with a large number of negative charges in the framework. For ion
adsorption capacity, zeolites with a large number of cavities and
large surface areas in the framework works best (Alex and Dong-ke,
2003). Zeolite-like materials have also been considered for
adsorption applications because of their high specific surface area
(Gao et al., 2009). Waste encapsulation is now in high demand as
huge amount of toxic industrial wastes have been disposed of in
landfills. Therefore, it is very important to find a high potential
waste encapsulation material. Zeolites possess some pozzolanic
properties and they can be used as a pozzolanic material by
blending with normal cement (Poona et al., 1999; Jana, 2007). They
contribute to concrete strength mainly through the pozzolanic
reaction, similar to other widely used pozzolans such as silica fume,
metakaolin and fly ash. The zeolite is a meta-stable phase that
readily undergoes dissolution under basic conditions with different
manner from BA and one of the most reactive pozzolans such
a metakaolin due to their molecular structures (Pelisser et al.,
2012). The demand for such supplementary cementing materials
has been markedly increasing in order to reduce cement produc-
tion to cope with global warming (Yilmaz et al., 2007). In addition
to the strength improvement, zeolites, when present in cement and
concrete structures, also play an important role in the encapsula-
tion of several types of heavy metals (Atkins et al., 1995; Olmo et al.,
2003; Ok et al., 2007). Both the pozzolanic reactivity and waste
encapsulation of zeolites are thus of much interest to cement
chemists, concrete technologists and environmental scientists.
Therefore, this study aims to use BA obtained from the Mae Moh
power plant (Thailand) as a starting material for zeolite synthesis
and to find the optimum condition for synthesis. The pozzolanic
reactivity of the synthesized zeolite is then studied and compared
with the ground BA. A comparison in pozzolanic reactivity of
BA synthesized zeolites and BA was performed in this study for
the first time. Not only pozzolanic reactivity, the heavy metal

(chromium (III), nickel (II) and cadmium (II)) encapsulation ability
of the zeolite materials and zeolite-like-hybridized cement mortars
is also studied. It is commonly known, that Cr, Ni and Cd ions are
typically found in electroplating wastes (Telukdarie et al., 2006).
Moreover, Cr ion is one of the carcinogenic metals which can be
very harmful to the ground and water, seriously concerned in many
countries which run a leather industry as their main market. Active
absorbers for those heavy metal removal are, therefore, very
important for mitigation of the negative impact (Giannetti et al.,
2004). The knowledge obtained from this study will no doubt lay
a solid groundwork for the conversion of lignite BA into zeolite and
zeolite-like materials, for waste encapsulation using zeolite-
hybridized cement material as well as for the utilization of BA in
a high potential way.

2. Experimental methods

2.1. Materials

Lignite BA used for zeolite synthesis was obtained from the Mae
Moh power plant. The BA was ground by ball milling to obtain
various particle size distributions. The BA volumetric mean diameter
(d[4,3]) after grinding for 12, 24 and 48 h were 13.3, 6.6 and 3.0 mm,
respectively. The ground BA was treated to remove the iron
compound using the looped magnetic separator until the iron
content was lowered by 50%. The chemical composition of BA
determined using X-ray fluorescence spectrometry (XRF) is shown in
Table 1. BA was stirred in 5e9 M KOH solutions for 24 h in a 25 �C
room to investigate the concentrations of reactive cations (Si4þ and
Al3þ). The investigated condition, shown in Table 2, was determined
to be the best condition based on the results of a previous study
(Pimraksa et al., 2010). The reactive ions were measured using
Atomic Absorption Spectroscopy (AAS). The total content of heavy
metals contained in BA and type I Portland cement were determined
using AAS and Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS) carried out in accordance with ASTM D3688-78.

2.2. Zeolite synthesis

The as-received BA and the BA from which iron was removed BA,
with SiO2/Al2O3 molar ratios of 2.94 and 2.92, respectively, were
used as starting materials. The conditions of zeolite synthesis are
shown in Table 2. The effects of ground BA particle size, iron oxide
removal from BA, KOH concentration and liquid to solid ratios on
zeolite quality were studied. It was shown that the zeolite phase
obtained from the refluxing method was better than that from the
hydrothermal method (Pimraksa et al., 2010). Therefore, the
refluxing method was selected for synthesis. The ground BA was
stirred with the KOH solution for 30 min to allow the dissolution of
silicate and aluminate ions. Refluxing was carried out at 100e110 �C
for 24 h. The reaction time and temperature were taken from

Table 1
Chemical compositions of as-received BA and magnetically treated BA.

Compositions As-received BA (%) Magnetic treated BA (%)

SiO2 38.69 41.19
Al2O3 22.25 24.19
Fe2O3 13.75 6.89
CaO 13.16 13.14
MgO 2.83 2.62
Na2O 0.53 0.73
K2O 1.97 2.25
TiO2 0.39 0.38
SO3 0.82 0.71
P2O5 0.16 0.16
LOI 5.19 3.50
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a previous work (Pimraksa et al., 2010). The solid products were
filtered and washed with deionized water until the pH of the filtrate
reached 10. The sample was then dried at 110 �C for 24 h. The solid
phases obtained after drying were characterized in terms of the
mineralogical composition using X-Ray Diffractometry (XRD) and
morphology using Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). Specific surface area was deter-
mined using BrunauereEmmetteTeller (BET) and mercury poros-
imetry (MIP) was used to determined pore sizes. The cation
exchange capacity (CEC) was measured using the ammonium
exchange capacity by the titration method in accordance with the
method of the soil analysis method (Rhoades, 1982). The
exchangeable cations of the zeolites were replaced by NHþ

4 using
1 N ammonium acetate solution.

2.3. NAT-K and KASH used as hybrid materials

The cement mortar samples were prepared using a water to
cement ratio of 0.6 and cement to sand ratio of 1:2.75, by weight.
The synthesized NAT-K, KASH and BA were used to replace Portland
cement by weight at 0%, 5%, 10%, 20% and 30%. The prepared
mortars were cast in 2 � 2 � 2 cm3 brass molds. The samples were
removed from the molds after 1 day and then cured in a lime-
saturated solution in a temperature-controlled room at 25e27 �C
until testing. The compressive strength was tested at 1, 7 and 28
days using a universal strength testing machine (Tinius Olsen,
H50KT). Microstructure investigations using XRD and SEM-EDS
were conducted on the cement pastes at 1, 7 and 28 days. The
hydration of the cement pastes was stopped by soaking in acetone
for 2 days and drying at 60 �C until a constant weight was obtained.

2.4. Waste encapsulation capacity of cement mortars hybridized
with NAT-K and KASH

The Cr(NO3)3.9H2O, Ni(NO3)2.6H2O and Cd(N2O3)2.4H2O solu-
tions were used as sources of Cr3þ, Ni2þ and Cd2þ ions, respectively,
where 100 ppm of each solution was prepared. 100 g of NAT-K,
KASH and BA were soaked separately in 100 ppm solutions of
Cr3þ, Ni2þ and Cd2þ for 24 h. The amount of heavy metal adsorption
on each material was confirmed by ICP detection, which was per-
formed on the solutions after soaking. The heavy metals adsorbed
on the materials were then dried at 60 �C until constant weights
were obtained. To prepare the cement mortar, 5 wt% of heavy
metal-adsorbed materials were used to replace Portland cement.
Adsorbed heavy metal contents on hybrid materials before leaching
test were calculated from the used material by weight obtained
from the heavy metal adsorption test. After 28 days, the cured
mortars were tested for leaching of heavy metal in accordance with
TCLP. The 2 � 2 � 2 cm3 mortar specimen was soaked in diluted
acetic acid solution with a solid to liquid ratio of 1:20. The solution
was then subjected to circulation using magnetic stirring for
20 � 2 h in accordance with DIN 38414-S4. The leachate solutions
were analyzed for heavy metal concentration using ICP-MS. The
heavy metal encapsulation capacity was estimated by the
subtraction of the adsorbed heavy metal content and the leached
heavy metal content.

3. Results and discussion

3.1. Materials

Chemical compositions of as-received BA and magnetic treated
BA are shown in Table 3. Mineralogical compositions of as-received
BA consisted of anorthite (CaAl2Si2O8), augite ((Na, Ca, K)2
(Al, Si)2O6), quartz (SiO2), maghemite (g-Fe2O3), magnetite (Fe3O4)
and glassy phase. With the use of magnetic separation, the iron
oxide content mostly in the form of magnetite was reduced by
50 wt%. Therefore, the starting materials without iron removal and
with iron removal contained SiO2/Al2O3 molar ratios of 2.94 and
2.92, respectively. The amounts of dissolved aluminum and silicon
species as described by Si/Al ratios in various synthesized condi-
tions are shown in Table 3. The starting SiO2/Al2O3 and Si/Al ratio of
BA was 2.94 and 1.74, respectively. The reactive Si4þ and Al3þ ions
dissolved from BA with 5 M KOH solution were 871 and 527 ppm,
respectively, giving a Si/Al ratio of 1.65. This ratio was slightly lower
than that of BA confirming that there was some undissolved silica
left behind with the alkali activation. With a decrease in particle
size from 13.3 to 3.0 mm, the Si/Al ratios decreased. The aluminum

Table 3
Dissolved aluminum (Al3þ) and silicon (Si4þ) contents, Si/Al ratios of BA activated by various synthesized conditions and specific surface areas of synthesized products.

Particle sizes (mm) Iron removal KOH conc. (M) Liquid to solid ratios Dissolved amounts (ppm) Major products Spec. surf. areas of
products (m2/g)

Si Al Si/Al ratios

13.3 U 5 8 767 415 1.85 NAT-K 18.26
6.6 ✘ 5 8 927 582 1.60 NAT-K 20.66
3.0 U 5 8 1157 768 1.51 NAT-K 19.39
6.6 ✘ 5 6 1052 658 1.60 NAT-K 21.74
6.6 ✘ 5 10 1149 757 1.52 NAT-K 22.81
6.6 U 5 8 1030 642 1.60 NAT-K 23.43
6.6 ✘ 7 8 1186 669 1.77 NAT-K 26.56
6.6 U 7 8 1424 891 1.60 NAT-K 30.92
6.6 ✘ 9 8 1234 746 1.65 KASH 33.28
6.6 U 9 8 1280 771 1.65 KASH 32.55
3.0 ✘ 9 8 1511 931 1.62 KASH 30.19
3.0 U 9 8 1544 966 1.60 KASH 30.94
3.0 ✘ 7 8 1403 875 1.60 KASH 33.42
3.0 U 7 8 1533 977 1.57 KASH 36.97

Table 2
Conditions for synthesis.

No. Particle size,
[d]4,3 (mm)

Iron compound
removal

KOH concentration
(molar)

Liquid:solid
ratio (L/S ratio)

1 13.3 U 5 8
2 6.6 ✘ 5 8
3 3.0 U 5 8
4 6.6 ✘ 5 6
5 6.6 ✘ 5 10
6 6.6 U 5 8
7 6.6 ✘ 7 8
8 6.6 U 7 8
9 6.6 ✘ 9 8
10 6.6 U 9 8
11 3.0 ✘ 9 8
12 3.0 U 9 8
13 3.0 ✘ 7 8
14 3.0 U 7 8
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phases with the smaller particle sizes were more susceptible to
dissolution. However, for the same particle size, the use of a high
L/S ratio resulted in low Si/Al. For a high KOH concentration, the
Si/Al ratio tended to increase because of the increased susceptibility
of the silicate phases. When the fine particle size and high KOH
concentration were used, the leaching of both aluminate and
silicate phases was enhanced.

The total heavy metal concentrations of BA and Portland cement
type I are shown in Table 4. The major heavy metals contained in BA
were Mn (556.75 ppm), Se (270.81 ppm), Zn (83.47 ppm) and Ni
(72.80 ppm). For ordinary Portland cement, the major heavy metals
were Zn (956.62 ppm), Mn (431.18 ppm), Cu (281.87 ppm) and Cr
(75.30 ppm). Both of them consisted mainly of Mn and Zn. The
Portland cement contained a large amount of Zn likely due to the
utilization of Zn-bearing waste, such as used tires, as alternative fuel,
which leads to the changes in chemical reaction of cement minerals
(Trezza, 2007). The Mn was likely present in BA, as it was commonly
found in some minerals in coal mines (Larsen and Mann, 2005).

3.2. Zeolite synthesis

Four factors, including particle size, liquid/solid ratio (L/S ratio),
KOH concentration and iron compound removal, were considered.
Fig. 1 shows the results of the XRD patterns of products obtained
from different BA particle sizes. With the same refluxing condition
(100e110 �C for 24 h and 5 M KOH), 6.6 mm BA showed the highest
peak intensity of zeolite in a form of natrolite-K ((K0.988Na0.012)
(AlSi1.5O5) (H2O) or NAT-K) which was observed at 2q ¼ 12.8�. To
form NAT-K, SiO2/Al2O3 or Si/Al molar ratios of about 3.0 or 1.5 were
theoretically required. The starting SiO2/Al2O3 and Si/Al ratios of
used BA were 2.94 and 1.47, respectively, which conformed to the
requirement of the NAT-K chemical pattern. Using a similar
synthesis routine but with a different BA particle size, the obtained
zeolite type was different from the previous work. With 23 mm BA
used in the previous work, zeolite-like material in the form of
potassium aluminum silicate hydrates (KAlSiO4.15H2O) with a Si/Al
ratio of 1.0 and a small amount of zeolite (phillipsite-K) with a Si/Al
ratio of 1.1 were obtained (Pimraksa et al., 2010). It was shown that
for coarse BA, some of the silicon ion bearing phases did not
dissolve. In this work, for the fine BA, quartz, augite and glassy
phases changed to NAT-K with a Si/Al ratio of 1.5. However, anor-
thite ((Ca, Na) (Al, Si)2 Si2O8) which was one of the inert silicon-
bearing mineral was still left behind. The natrolite zeolite group
was one of the key players for ion exchange and adsorption
(Noroozifar et al., 2009; Singh et al., 2011); therefore, it was used for
waste encapsulation in this study. With the use of 3.0, 6.6 and
13.3 mm BA, in addition to NAT-K formation, calcium silicate hydrate
in the form of jusite ((Ca, Na, K)5(Si, Al)6O15.5H2O) and rose-
nhahnite (Ca3Si3O9.H2O) and non-hydrated and iron-bearing
products such as hedenbergite (Ca(Fe, Mg) (SiO3)2), were also
found as minority species. With respect to the effect of particle size,
the reduction in BA particle size from 13.3 to 6.6 mm facilitated the
dissolubility of Si4þ and Al3þ and other ions such as Fe3þ and Ti4þ

because of the increase in the surface areas resulting from the
broken edges. This hindered zeolite precipitation (Wang et al.,
2008) and led to the formation of a more stable phase of potas-
sium aluminum silicate hydrate.

The XRD results of the synthesized products for the L/S ratios 6,
8 and 10 are shown in Fig. 2(a), (b) and (c). The tests were per-
formed using 6.6 mm BA, 5 M KOH solution and 100e110 �C for 24 h
refluxing. The highest peak intensity of NAT-K was obtained when
the L/S ratio was 8. At the dissolution stage, the increase in the L/S
ratio resulted in the increased solubility of Si4þ and Al3þ including
the counter ions such as Fe3þ. Walex et al. (2008) found that at
a high L/S ratio, the dissolution of raw materials in an alkaline
solution increased and also contributed to a high degree of crys-
tallization. However, for practical applications, the favorable
condition for dissolution was not desirable for zeolite crystalliza-
tion. The system with the high L/S ratio contained a high water
content, which caused the suppression of ion saturation and crys-
tallization. As a result, 6.6 mm BA with an L/S ratio of 8 was chosen
for further experimentation in the removal of iron oxide
compounds from BA.

Table 3 shows the result of iron oxide contents removed from
BA. The reduction of iron oxide was approximately 50% when BA
was treated by the looped magnetic separator. According to the
XRD patterns of synthesized products shown in Fig. 3(a) and (b),
the NAT-K peak intensities of treated and untreated BA in 5 M KOH
were quite similar, with a slight decrease in anorthite phase. All
iron oxides in BA were not dissolved in the 5 M KOH solution and
thus could not form precipitates of insoluble iron hydroxides. The
insoluble Fe(OH)3 acted as an inducer for the formation of hydro-
garnet which could then compete with the zeolitization reaction
(Wang et al., 2008).

Slightly higher KOH concentrations of 7 M and 9 M were used to
compare the untreated BA and the magnetically treated BA. The
results shown in Fig. 3(c) and (d) suggested that the use of treated
BA and 7 M KOH produced the partial collapse of the anorthite
structure and the NAT-K quantity was enhanced. For 9 M KOH, the
XRD patterns shown in Fig. 3(e) and (f) revealed the crystals of
potassium aluminum silicate hydrate (KASH: KAlSiO4.15H2O) with
the presence of a small amount of kaliophilite (KAlSiO4). However,

Table 4
Total heavy metal contents of BA and ordinary Portland cement (OPC); unit: ppm.

Samples As Cd Cr Cu Hg Mn Ni Pb Se Zn

BA 8.06 <0.01 59.25 58.60 <0.01 556.75 72.81 <0.01 270.81 83.47
OPC 4.16 2.36 75.30 281.87 <0.01 431.18 35.36 68.45 <0.01 956.62

Fig. 1. XRD-pattern of products obtained from different BA particle sizes (a) 23 mm, (b)
13.3 mm, (c) 6.6 mm and (d) 3.2 mm. N = Natrolite-K [K15.8Na0.2(Al16Si24O80).16H2O], An
¼ Anorthite [(Ca,Na)(Al,Si)2Si2O8], H ¼ Hedenbergite [Ca(Fe, Mg)(SiO3)2], J ¼ Jusite
[(Ca,Na,K)5(Si,Al)6O15.5H2O], R ¼ Rosenhanite [Ca3Si3O9.H2O], Q¼ Quartz [SiO2], P ¼
Philipsite-K, K ¼ Potasium Aluminum Silicate Hydrate [KAlSiO4.1.5H2O], A ¼
Aluminum Titanium Phosphorus Silicon Oxide
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the dissolved Si4þ and Al3þ concentrations were slightly different
from that of 7 M KOH. At this high alkali concentration, the more
stable phases of KASH and kaliophilite in the form of a tectosilicate
AleSi framework structure were developed. However, kaliophilite
contained no zeolitic water in its structure. Fig. 4(a)e(d) show the
XRD patterns of KASH obtained at various synthesized conditions.
For 6.6 mm BA using 9 M KOH, KASH was formed. Increase in the
fineness of BA to 3.0 mm did not increase the specific surface area of
the matrix. With 7 M KOH, the surface area increased and
approached the highest value (36.97 m2/g). This was even superior
to NAT-K when using magnetically treated BA. For the same starting
material particle size, KASH possessed a higher surface area than
NAT-K as shown in Table 3 because of the finer crystal sizes.

Thus, the highly purified NAT-K with high specific surface area
(30.92 m2/g) could be synthesized from magnetically treated
6.6 mm BA in 7 M KOH using L/S of 8 and 100e110 �C of refluxing for

24 h. The best condition of KASH synthesis was similar to that of
NAT-K regardless of the BA particle size. It is noted that the particle
size of BA is very critical to provide the proper amount of dissolved
aluminum and silicon species. The CEC values of 6.6 mm BA, NAT-K
and KASH were 8.9, 160.9 and 196.7 cmol(þ)/kg, respectively. The
zeolite-like material (KASH) was capable of exchanging the cations
similarly to the NAT-K. Moreover, its CEC value, like the specific
surface area, was superior to that of NAT-K. From the synthesis, the
reactive glassy phases with some crystalline phases of BA were

Fig. 4. XRD-patterns of products obtained from 3.0 mm BA with different synthesis
conditions (a) untreated BA and 7 M KOH, (b) treated BA and 7 M KOH, (c) untreated
BA and 9 M KOH and (d) treated BA and 9 M KOH. K ¼ Potassium aluminum silicate
hydrate [KAlSiO4.1.5H2O], Ka ¼ Kaliophillite [KAlSiO4], M ¼ Maghemite [Fe2O3]

a

b

Fig. 5. (a) Strength development and (b) density of NAT-K-blended cement mortars.

Fig. 3. XRD-patterns of products obtained from 6.6 mm BA with different synthesis
conditions (a) untreated BA and 5 M KOH, (b) treated BA and 5 M KOH, (c) untreated
BA and 7 KOH, (d) treated BA and 7 M KOH, (e) untreated BA and 9 M KOH and (f)
treated BA and 9 M KOH. N = Natrolite-K [K15.8Na0.2(Al16Si24O80).16H2O], An = Anor-
thite [(Ca,Na)(Al,Si)2Si2O8], H ¼ Hedenbergite [Ca(Fe, Mg)(SiO3)2], J ¼ Jusite [(Ca,N-
a,K)5(Si,Al)6O15.5H2O], R ¼ Rosenhanite [Ca3Si3O9.H2O], K ¼ Potassium aluminum
silicate hydrate [KAlSiO4.1.5H2O], Ka ¼ Kaliophillite [KAlSiO4], M ¼ Maghemite [Fe2O3]

Fig. 2. XRD-patterns of products obtained from different L/S ratios (a) 6, (b) 8 and (c) 10.
N ¼ Natrolite-K [K15.8Na0.2(Al16Si24O80).16H2O], An ¼ Anorthite [(Ca,Na)(Al,Si)2Si2O8], H
¼ Hedenbergite [Ca(Fe, Mg)(SiO3)2], J ¼ Jusite [(Ca,Na,K)5(Si,Al)6O15.5H2O], R ¼ Rose-
nhanite [Ca3Si3O9.H2O]
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transformed to zeolite phase (NAT-K) and zeolite-like material
(KASH).

3.3. NAT-K and KASH used as hybrid materials

3.3.1. Mechanical property of NAT-K and KASH hybridized cement
mortars

Fig. 5 shows the compressive strength and density of NAT-K-
blended cement. The 1-day and 28-day compressive strengths
of Portland cement mortar were 3.4 and 15.3 MPa, respectively.
For 5 wt% zeolite replacement, the 1-day mortar strength
increased substantially to 9.5 MPa indicating that the early
strength of zeolitic cement was greater than that of the BA-
blended cement, similar to the result shown in other works (Jana,
2007). The increase in the early strength should come from the ion
exchange between Ca2þ in the cement matrix and Kþ in the zeolite
structure, resulting in the increase in pH; hence, the hydration was
accelerated. A small amount of NAT-K improved the early strength
of mortar. The density also increased with the NAT-K addition.
Addition of a natural zeolite such as clinoptilolite improved the
strength of the cement concrete due, not only to the pozzolanic
effect, but also to the microfiller effect (Jana, 2007). After curing
for 28 days, the compressive strength of 5 wt% NAT-K-blended
mortar was slightly higher than that of Portland cement mortar.
Different from the result in this study, a report from Caputo et al.

Fig. 8. XRD patterns of NAT-K used as supplementary cementing material for (a) 5 wt%,
(b) 10 wt%, (c) 20 wt% and (d) 30 wt% at 28-day curing time. P ¼ Portlandite [Ca(OH)2],
C ¼ Calcite [CaCO3]

Fig. 9. XRD patterns of KASH used as supplementary cementing material for (a) 5 wt%,
(b) 10 wt%, (c) 20 wt% and (d) 30 wt% at 28-day curing time. P ¼ Portlandite [Ca(OH)2],
C ¼ Calcite [CaCO3]

b

a

Fig. 7. (a) Strength development and (b) density of BA-blended cement mortars.

a

b

Fig. 6. (a) Strength development and (b) density of KASH-blended cement mortars.
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Fig. 10. SEM photomicrographs of (a) 1 day of cement mortar with no replacement (�5000), (b) 28 days of cement mortar with no replacement (�3500), (c) 7 days of 5 wt% NAT-K-
replaced cement mix (�5000), (d) 28 days of 5 wt% NAT-K-replaced cement mix (�3500), (e) 7 days of 5 wt% KASH-replaced cement mix (�3500) and (f) 28 days of 5 wt% KASH-
replaced cement mix.
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Fig. 10. (continued).
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(2008) showed that LTA and FAU zeolites which contained very
similar Si/Al molar ratio did not improve the early strength of
cement mortar. This was owing to the different characteristics of
NAT-K from those zeolites in which NAT-K had higher basic site
density resulting in the better pozzolanic reactivity. An increase in
NAT-K content to 10 wt% resulted in a mortar with similar strength
at 7 days but with lower strength at 28 days compared with that
of the control. The density substantially decreased with the
replacement of 30 wt% NAT-K. With 20 and 30 wt% NAT-K
replacement, their strength values were identical to that of
normal cement mortar at 7 days curing and were lower at 28 days
curing. The results were in good agreement with other researchers
(Perraki et al., 2003; Yılmaz and Ediz, 2008) which indicated that
the use of zeolite resulted in a smaller amount of Portland cement
used. This led to less Ca(OH)2 from cement hydration which was
not sufficient for the pozzolanic reaction. In addition, the strength
over time of zeolite-blended mortar was superior to that of the
Portland cement mortar when the fine cement was used (Perraki
et al., 2010; Canpolat et al., 2004; Un, 2005). The density greatly
decreased with the addition of 30 wt% NAT-K. The zeolitic phase
used in this investigation was highly porous and greatly affected
the properties of the blended cement.

The strength development of KASH blended cement mortars
was also investigated and shown in Fig. 6. There was no difference
in compressive strength values when KASH was used to replace
Portland cement up to 10 wt%. The compressive strengths at 1, 7
and 28 days were 4.5, 12.0 and 15.0 MPa, respectively. Their density
was approximately 2.3 g/cm3 for the range of KASH replacement of
5e20 wt%. With 20 wt% replacement, the strength slightly
decreased. For the 30 wt% replacement, the 28-day strength and
density were drastically reduced to 2.0 MPa and 1.9 g/cm3,
respectively, because of the high specific surface of KASH. Thus, the
workability of the mortar was drastically reduced with the pres-
ence of the high amount of KASH at the fixed water content. This
led to difficulty in the compaction and the reduced strength.

The mortar with only 6.6 mm BA only provided the best strength
when compared to those with NAT-K and KASH, as shown in Fig. 7.
The addition with 10 wt% BA attained the highest compressive
strength. The density of the BA-blended mortar was also improved.
The fine BA possessed a high surface area and increased the
pozzolanic activity; hence, the strength of the mortars was
increased (Jaturapitakkul and Cheerarot, 2003). The use of 5 wt%
NAT-K, KASH and BA produced mortars with strengths higher than
that of the control. Particularly, the use of BA resulted in mortar
with improved strength at the later age because of the good
pozzolanic reaction. BA that was mainly composed of the alumi-
nosilicate glassy phase dissolved more readily in the lime solution
than those of NAT-K and KASH.

3.3.2. Microstructures of NAT-K and KASH hybridized cement mortars
Fig. 8(a)e(d) show XRD patterns of 28-day paste containing

NAT-K. Portlandite (Ca(OH)2) from cement hydration was easily
detected in all samples. The higher the NAT-K content, the less
Ca(OH)2 was left behind because of less cement in the mixes. After
the pozzolanic reaction, binding compounds, such as calcium
silicate hydrate (C-S-H) and calcium aluminosilicate hydrate
(C-A-S-H), should be expected. Because of their semicrystalline
characteristics and the XRD peak overlapping with portlandite,
C-S-H and C-A-S-H were difficult to be identified. Fig. 9(a)e(d)
show XRD-patterns of 28-day paste containing KASH. Again, the
portlandite was easily identified and the binding phases were
difficult to detect, similar to the NAT-K paste. Therefore, the
pozzolanic reaction was confirmed by the reduction in the por-
tlandite and the strength improvement of the cement mix with
the presences of 5 wt% of NAT-K, KASH and BA.

Fig. 10 shows the photomicrographs of the hydration products
with and without the supplementary cementing materials. At an
early age (1 day), as shown in Fig. 10(a), ettringite and unreacted C2S
phases were found in normal cement. Potassium, which was found
by EDS, was from the originally used BA. At 28 days, shown in
Fig. 10(b), C-S-H was distributed quite evenly in the matrix and was
easy to detect. For the 5 wt% NAT-K paste cured for 7 days, shown in
Fig. 10(c), C-A-S-H was found at the surfaces of the NAT-K particles
indicating the progress of the pozzolanic reaction. The reduction in
the portlandite XRD peaks was also evident, which indicated the lime
consumption of NAT-K. At the late curing age, shown in Fig. 10(d),
C-A-S-H was found as a major phase. For 5 wt% KASH in Fig.10(e) and
(f), C-A-S-H can be detected in 7- and 28-day cured mortar.

3.3.3. Heavy metal adsorption capacity
Table 5 shows the percentages of heavy metal adsorption on

NAT-K, KASH and BA. The cation exchange capacity (CEC) values of
NAT-K and KASH were much higher than that of BA because of
molecular pores and negative charges contained in their structures.
Thus, NAT-K and KASH gave considerably higher adsorption of Ni
and Cd than BA. NAT-K and KASH showed a similar adsorption
capacity of 99.5e99.8% for Cr3þ, 97.5e98.0% for Ni2þ adsorption and
95.0% for Cd2þ adsorptions. The ionic radii of Cr, Ni and Cd were
0.097, 0.072 and 0.052 nm, respectively. The smaller ionic radii and
the higher ionic valency led to the higher ionic strength. The
increase in pH also resulted in an increase in Cd2þ adsorption
(Hetzer et al., 2006; Quintelas et al., 2009). However, BA showed
the effective adsorption for Cr ions and the poor adsorption for Ni
and Cd ions. The small ionic radius and the high ionic valency of the
Cr ion led to the higher ionic strength. Several researchers (Bayat,
2002; Mohan and Gandhimathi, 2009) reported that the func-
tional oxidized groups of SiO2 and Al2O3, as well as a basic testing
condition, resulted in the negatively charged surfaces. The surface
of the SiO2 tended to form SiOH groups, which acted as a weak acid,
and their surface charges were pH dependent. The negative charge
for the high pH and the positive charge for the low pH would exist,
and the positive charge was prone to dispel the positive ion. BA
surfaces adsorbed the positive charges, which were attracted to the
Cr(OH)3 and [Cr(OH)6]3� and [Cr(OH)4]� at pH w 6e8 (Mollah et al.,
1992). This induced Cr ion adsorption on BA surfaces. However, the
pelletized lignite fly ash from the work of Papandreou et al. (2007)
showed the same Cd2þ adsorption capacity on BA as this work at
around pH 6.3. Its adsorption could reach 100% above pH 9.

However, in this work, the heavy metal adsorption was carried
out without pH adjustment. The initial and final pH of the systems
containing NAT-K, KASH and BA soaked in Cr(NO3)3.9H2O,
Ni(NO3)2.6H2O and Cd(NO3)2.4H2O solutions were ranged from
weak acid to the neutral condition (pH w 6e8). In this condition,
the NAT-K and KASH were highly effective in the adsorption of Cr,
Ni and Cd ions. The heavy metal adsorption that occurred was
because of ion exchange with Kþ for NAT-K and electrostatic
attractive forces for KASH and BA. In multi-metal system, the
zeolite adsorption mechanism was different. It was reported that,
except for ion exchange, the formation of solid metal hydroxide
occurred and depended on the ion species (Jha et al., 2009). For
example in binary system of Cd2þ and Ni2þ, Jha et al. suggested that

Table 5
Capacity of heavy metal adsorption on NAT-K, KASH and BA; unit: percentage (%).

CECa

cmol(þ)/kg
Cr3þ

adsorption
Ni2þ

adsorption
Cd2þ

adsorption

NAT-K 160.91 99.8 98.0 95.0
KASH 196.68 99.5 97.5 95.0
BA 8.87 95.0 29.0 30.0

a CEC, cation exchange capacity.
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the Ni2þ removal was caused by ion exchange with monovalent
cation contained in zeolite structure, while Cd2þ removal involved
the formation of metal hydroxide. In this study, Ni2þ was, therefore,
removed by Kþ exchange and Cd2þ was precipitated in the form of
cadmium hydroxide. For tertiary system, Jha et al. investigated the
combination of Ni2þ, Cd2þ and Cu2þ. In this case, Ni2þ and Cd2þ

were removed mainly via ion exchange and Cu2þ was done by
metal hydroxide precipitation. In this study, for Cr3þ instead of Cu2þ

combined with Ni2þ and Cd2þ, the Cr3þ removal was performed via
both cation exchange due to its ionic strength and new phase
formation as CaCrO4 in Portland cement based system that also
enhanced the cement strength (Shi and Fernandez-Jimenez, 2006).
Therefore, the removal of Ni2þ and Cd2þ should be dependent on
the metal hydroxide precipitation.

3.3.4. Leaching of heavy metal encapsulated in cement mortar
matrix

The results of the leaching test of heavy metal from mortars are
shown in Table 6. KASH gave a slightly better encapsulation than
NAT-K. NAT-K and KASH encapsulated 97.6% Cr, 97.9% Ni and 85.8%
Cd and 98.0% Cr, 98.7% Ni and 86.0% Cd, respectively. BA gave
a slightly lower performance with the encapsulation of 94.0% Cr,
88.0 Ni and 74.5% Cd. NAT-K, KASH and BA when mixed with
Portland cement played a role in the pozzolanic reaction. Silicate
and aluminate phases contained in NAT-K, KASH and BA dissolved
and reacted with hydrated lime resulting in a very fine C-S-H
binding phase. The zeolitic frameworks of NAT-K and KASH should
be partly disturbed and co-exist with the cement hydration and
pozzolanic reaction products. The heavy metal encapsulation
mechanism thus relied on the remaining NAT-K or KASH and the
C-S-H binding phase. Cement paste was highly alkaline and was
expected to have negatively charged surfaces that repelled the
metal anionic species. According to Mollah’s work (Mollah et al.,
1992), some Cr ions could substitute the Si4þ in a C-S-H structure.
In addition, after the pozzolanic reaction, the density of cement
mortars blended with 5 wt% NAT-K, KASH or BA was enhanced,
which was good for heavy metal encapsulation. The Cd ion
adsorption capacities of NAT-K, KASH and BA were comparable to
the previous work (Ok et al., 2007), although the used zeolite
content was much lower in this work. The zeoliteePortland cement
of the Ok et al.’s work adsorbed Cd ion at the same value. This was
possibly due to the partly chemical destruction of hydration reac-
tion products and zeolite after being subjected to 400 �C heating.
The use of a small amount of NAT-K and KASH produced mortars
with improved strength and good heavy metal encapsulation
capacity.

4. Conclusions

The conclusions are given as follows:

1) The NAT-K zeolite and KASH zeolite-like material can be produced
from lignite BA obtained from the Mae Moh power plant. For
NAT-K, the optimum conditions for synthesis were obtained with

6.6 mm BA, pretreatment by iron oxide removal, and refluxing
with 7 M KOH at a temperature range of 100e110 �C for 24 h. For
KASH, the optimum conditions for synthesis were obtained
with 3.0 and 6.6 mm BA, pretreatment by iron oxide removal,
and refluxing with 9 M KOH at a temperature range of 100e110 �C
for 24 h.

2) Hybridized with NAT-K, the early strength and the density of
the cement mortars could be improved. For 5 wt% replacement,
the strength and density increased substantially due not only to
the pozzolanic effect but also to the microfiller effect. With an
increase in the replacement level, the gain in strength was
reduced. For 10 wt% NAT-K replacement, the compressive
strengths were comparable to normal cement mortar. KASH
can replace cement up to 10% with no compressive strength
reduction when compared to normal Portland cement mortar.

3) Both NAT-K and KASH can partially replace Portland cement and
be used for heavy metal encapsulation. KASH gave a slightly
better performance than NAT-K. They can encapsulate approxi-
mately 97% Cr, 98% Ni and 84% Cd which is better than BA
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High-Calcium Bottom Ash Geopolymer: Sorptivity, Pore
Size, and Resistance to Sodium Sulfate Attack

Chaicharn Chotetanorm1; Prinya Chindaprasirt2; Vanchai Sata3; Sumrerng Rukzon4; and
Apha Sathonsaowaphak5

Abstract: The resistance to sulfate attack, compressive strength, sorptivity, and pore size of high-calcium bottom ash geopolymer mortars
were studied. Ground lignite bottom ashes (BAs) with median particle sizes of 16, 25, and 32 μm were used. NaOH, sodium silicate, and
temperature curing were used to activate the geopolymerization. Results showed that relatively high strengths of 40.0–54.5 MPa were ob-
tained for the high-calcium bottom ash geopolymer mortars. The use of fine BA improved the strength and resistance to sulfate attack of
mortars. The good performances were attributable to the high degree of reaction of fine BA and the associated low amount of large pores
(0.05–100 μm) compared with those of coarse BA. The incorporation of water improved the workability of mixes, and the compressive
strength, sorptivity, and resistance to sulfate attack decreased due to the increase in large pores. DOI: 10.1061/(ASCE)MT.1943-5533
.0000560. © 2013 American Society of Civil Engineers.

CE Database subject headings: Calcium; Sulfates; Pore size distribution; Bottom ash; Compressive strength; Mortars.

Author keywords: Geopolymer; Sodium sulfate resistance; High calcium bottom ash.

Introduction

Portland cement is an energy intensive product because it consumes
a large amount of energy. Its production releases approximately 7%
of the green house gas produced annually (Malhotra 2002). Efforts
have, therefore, been made to reduce the use of portland cement by
introducing other supplementary cementitious materials (SCM).
Another form of cement that is more environmental-friendly, such
as geopolymer, is now receiving more attention (Davidovits 1999;
Duxson et al. 2007). The source materials are normally fly ash
(Palomo et al. 1999) and metakaolin because they contain large
amounts of silica and alumina. The geopolymerization process
normally involves the activation of source materials with alkaline
solutions such as sodium hydroxide and potassium hydroxide,
sodium silicate, and temperature curing (Detphan and
Chindaprasirt 2009; Van Jaarsveld et al. 2002).

Bottom ash (BA) is a waste that results from coal burning to
produce electricity in power plant. The major output of BA in
Thailand is from pulverized coal combustion (PCC) at Mae
Moh power plant in the north. The annual output is approximately
0.6 million tons (Wongkeo and Chaipanich 2010) and is disposed at
landfills. It has been shown that BA has similar chemical constitu-
ents to fly ash, but with different particle sizes and shapes, BA can
be used as an SCM to replace part of portland cement (Cheriaf et al.
1999; Jaturapitakkul and Cheerarot 2003). Because its particle
size is larger than fly ash, it has to be ground to increase the re-
activity. The ground BA has also been successfully used as a source
material for making geopolymers (Chindaprasirt et al. 2009;
Sathonsaowaphak et al. 2009).

The durability aspect of concrete is an important issue. Rein-
forced concrete and cementitious composites confront several
harmful phenomena such as chloride penetration, carbonation, acid
attack, sulfate attack, and the penetration of hazardous liquids or
solutions, even by water (Gordon et al. 2011). Sulfate is one of
the major problems affecting the performance of concrete. The
mechanism of sulfate attack results in expansion and strength re-
duction (Atahan and Dikme 2011; Lee et al. 2005). Blended cement
technology by incorporating SCM in concrete mixes has been se-
lected to mitigate the durability problems of concrete. Most SCM,
when incorporated into blended cement concrete to resist sulfate
attack, showed satisfactory performance (Bonakdar and Mobasher
2010; Chindaprasirt et al. 2007c). Efforts to study the durability
of geopolymer have recently been conducted (Bakharev 2005;
Fernandez-Jimenez et al. 2007; Pacheco-Torgal et al. 2012;
Thokchom et al. 2010). Thus far, the study has been limited to
fly ash and metakaolin geopolymers, and very little work has been
done on high calcium BA. The mechanisms of sulfate attack on
portland cement and geopolymers are expected to be different
because of the large difference in the amount of calcium (Bakharev
et al. 2003) and the different chemical roles played by calcium in
these systems.

The sorptivity or absorption of water is related to the ability of
water or fluid to move into mortar and concrete and is, therefore,
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related to the durability property. Water absorbed in reinforced
concrete structures coupled with oxygen may cause steel reinforce-
ments to corrode. Water can go into concrete by means of capillary
action of pore systems. Additionally, the resistance to this mecha-
nism is consistent with that of liquid ingress with regard to sulfate
and chloride solutions. As expected, the resistance to sorptivity is
high when the rate or coefficient of sorptivity is low. The resistance
to the sorptivity of concretes is inversely proportioned to the
water/binder ratio (Ghrici et al. 2007) and porosity (Gonen and
Yazicioglu 2007).

Mercury intrusion porosimetry (MIP) has been widely used to
confirm the pore size distribution and porosity of cement paste with
other properties; namely, mechanical properties, physical proper-
ties, and microstructures (Chindaprasirt et al. 2007b; Poon et al.
2006). The use of MIP has been extended to study the porosity
of geopolymers from fly ash, metakaolin, and other alkali activated
material (Kong et al. 2007; Zuda et al. 2010). The MIP technique
has some limitations due to the ink-bottle effect, however it has
been successfully used to compare the pores of similar products
(Zuda et al. 2010). Information regarding the MIP of BA geopol-
ymer is crucial to understand its strength and resistance to sulfate
and water sorptivity.

Research Significance

High calcium BA geopolymers with various fineness of BA, with
and without extra water, were made and tested to assess the effects
of BA fineness and water content of geopolymer. The compressive
strength, water sorptivity, pore size distribution by MIP, and resis-
tance to sulfate attack are the subjects of this research.

Experimental Details

Materials

The lignite bottom ash was obtained from Mae Moh power station
in northern Thailand. To study the effects of BA fineness, three
finenesses were used: fine BA (F), medium BA (M) and coarse
BA (C), with corresponding median particle sizes of 16, 25, and
32 μm and Blaine finenesses of 5,000, 3,400, and 2;100 cm2=g,
respectively. The X-ray diffraction (XRD) analysis of the BA is
given in Fig. 1. The broad hump that showed the amorphous phase
of BAwas located at the two theta angle at approximately 20–35°,
and the peaks of crystal of anorthite, augite, and gehlenite were also
observed.

The particle size distributions of fine, medium, and coarse BA
are shown in Fig. 2. The chemical composition of BA is shown in

Table 1. The SiO2 and Al2O3 contents were reasonably high at 39.3
and 21.3%. Because this bottom ash was from lignite coal, CaO
content was high at 16.5%. Sodium silicate solution (NS) with
13.8% Na2O, 32.2% SiO2, and 54.0% H2O, and 10 M NaOH sol-
ution (NH) were used as alkaline activators. Local river sand with
specific gravity of 2.62 and fineness modulus of 2.85 in saturated
surface dry condition was used to make the geopolymer mortars.
The gradation of the sand is shown in Fig. 3.

Mix Proportions, Mixing, and Curing

The mix proportions of geopolymer mortars were taken from a pre-
vious research study (Sathonsaowaphak et al. 2009) and consisted
of a sand/BA ratio of 2.75, liquid alkaline/BA ratio of 0.6, and
NS/NH ratio of 1.50. To study the effects of water content, two
series of mixes with different water contents were used. For Series
A, no extra water was added to the mixes. For Series B, extra water
at a water/ash ratio of 0.08 (total liquid/ash ratio of 0.68) was in-
corporated to the mixes to obtain relatively workable mortars for
comparison purposes. The addition of extra water results in dilution
of the alkali solutions, and hence, affects the leaching of silica and
alumina (Rattanasak and Chindaprasirt 2009). The mix proportions
are shown in Table 2.

Mixing was conducted in an air-conditioned room at 25°C to
eliminate the effect of temperature variation. The mixing procedure
involved mixing of the BA and NH for 5 min. Sand and extra water
(if needed) were then incorporated and mixing was conducted for
five more minutes. This was followed by the addition of NS with a
final mixing of 5 min. The mortar mixtures were then cast into
molds, which were wrapped with clingfilm to avoid moisture loss.
They were left in the laboratory at 25°C for one hour and then cured
at 75°C for 48 h. The specimens were demolded and kept in a con-
trolled room at 23°C and 50% relative humidity until they reached
testing age.

For the mixing of paste, the same mixing procedure was used,
except sand was not included. The paste mixtures were cast in
cylindrical molds of 25 mm in diameter and 50 mm in length,
and the same curing regime was used. The paste samples were used
to determine the distribution of pore sizes of geopolymer using
MIP. The paste samples were used because they gave more accurate
results than the mortar samples. Certain differences in pore struc-
ture were attributable to interfacial transition zone effects between
mortars and pastes. The comparison was, therefore, limited to the
same type of materials; i.e., paste has been widely used to study the
pore size distribution for cementitious materials (Chindaprasirt
et al. 2007b).Fig. 1. XRD graph of ground BA

Fig. 2. Gradation curve of each BA fineness
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Test Methods

Compressive Strength Test

For compressive strength tests (ASTM 2002), 50 × 50 × 50 mm
cube specimens were used. The mortars were cast in two layers
with tamping. In the final step, specimens were vibrated for
10 s using a vibrating table. The prepared samples were tested
for compressive strength at 7, 28, 90, 180, and 360 days. The re-
ported compressive strengths were the average of three samples.

Pore Size

The measurements on intruded volume and pore size distribution of
paste were conducted using MIP with the capability of measuring
pore size diameter down to 7 nm. The samples were obtained by
chiseling from the middle part of the hardened geopolymer paste
cylinders and immersing in acetone for 48 h to stop the geopoly-
merization. After that, the samples were oven-dried at a tempera-
ture of 60°C for 24 h. Samples used were 3–6 mm thick and
1–1.5 g. The mercury volume was normalized for each sample
weight. The applied pressures were between 9.3 and 206.5 MPa.
The mercury contact angle and surface tension were 140° and
0.480 N=m.

Rate of Sorptivity

Mortar discs cut from the parent 100 × 200 mm mortar cylinder
were used as samples for the determination of rate of sorptivity
(ASTM 2011). The tests were performed at the age of seven days.
The side-curved surface of the specimen was sealed with water-
proof tape to allow water to penetrate into the specimen from
the bottom end. The specimens were placed upright and supported
to allow a sufficient gap of 100 mm for water to be absorbed by
capillary suction. A 5-mm head of water above the bottom of the
specimen was chosen for this investigation. Weights of the speci-
mens before and after immersion were determined after 1, 5, 10, 20,
and 30 min and 1, 2, 3, 4, 5, and 6 h of immersion. The weight of
water absorbed and the rate of sorptivity were then calculated.

Sulfate Resistance

Mortar bars with dimensions of 25 × 25 × 285 mm were used to
test the sulfate resistance (ASTM 2010). They were immersed
in 10% sodium sulfate solution after the age of seven days in a
23°C controlled room, and were tested for sulfate-induced expan-
sion and weight change until 360 days of immersed time. The
sulfate solution was replaced with fresh solution weekly for the
first month and monthly thereafter. The reported results were
the average of four samples. The weight changes of the samples
were also recorded.

Results and Discussion

Compressive Strength

The compressive strengths of mortars are given in Table 3. It was
evident that the strength of geopolymer mortars was affected by the
fineness of BA and extra water. Series A mixes with no extra water
gave high compressive strengths at 28 days of 40.0–54.5 MPa. The
extra water is sometimes needed to improve the workability of the
mixes (Sathonsaowaphak et al. 2009). The addition of extra water
in a water/ash ratio of 0.08 drastically reduced the compressive
strengths to 13.5–22.5 MPa. Although water was needed for the
geopolymerization process and workability, the excess water re-
duced the strength of geopolymer mortars (Chindaprasirt et al.
2007a; Sathonsaowaphak et al. 2009). The leaching of silica and
alumina was reduced because extra water diluted the concentration
of base solution.

Table 1. Composition of High Calcium Lignite BA

Chemical SiO2 Al2O3 CaO Fe2O3 Na2O TiO2 MgO K2O P2O5 SO3 LOI

Composition (%) 39.3 21.3 16.5 13.5 1.0 0.4 2.6 2.1 0.2 1.5 1.4

Fig. 3. Gradation curve of sand

Table 2. Mix Proportions of the Geopolymer Mortars

Mix Type of BA BA (g) NS (g) NH (g) Water (g) Sand (g)

AF F 100.0 35.8 23.9 0.0 275.0
AM M 100.0 35.8 23.9 0.0 275.0
AC C 100.0 35.8 23.9 0.0 275.0
BF F 100.0 35.8 23.9 8.0 275.0
BM M 100.0 35.8 23.9 8.0 275.0
BC C 100.0 35.8 23.9 8.0 275.0

Note: 10 M NH, sand/BA = 2.75, liquid alkaline/BA = 0.597, NS/NH = 1.50.
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The fineness of BA also contributed to the compressive
strength of mortar. For Series A using fine BA (AF mix), the
strengths of mortars were highest. The compressive strengths
of AF, AM, and AC mixes at 28 days were 54.5, 48.0, and
40.0 MPa, respectively. For Series B, relatively high strengths of
the mix using fine BA compared to the mixes using medium
and coarse BA were also observed. A similar increase in strengths
of geopolymer mortars with the increase in the fineness of BA has
been reported (Sathonsaowaphak et al. 2009).

The development of strength was also affected by the ash fine-
ness. For fine BA, the strength developments after seven days of AF
and BF mortars were clearly observed. The compressive strengths
of AF mortars at 7, 28, 90, 180, and 360 days were 48.5, 54.5, 51.5,
61.5, and 55.5 MPa, respectively. The compressive strengths of BF
mortars at the same ages were 16.0, 22.5, 22.0, 22.5, and 23.5 MPa,
respectively. For the coarser ashes, the strength developments after
seven days of AM, AC, BM, and BC mortars were not observed.
The BA with high fineness and high surface area could dissolve
more silica and alumina and resulted in the increase in geopolyme-
rization and strength. In addition, a large portion of BA particles
were porous and contributed to the low strength of geopolymer
mortars (Chindaprasirt et al. 2009). Grinding helped to destroy
the pores of BA particles (Sathonsaowaphak et al. 2009) and thus
improved the strength of geopolymer mortars. Some losses of
strengths of geopolymer concretes were observed at the later
age of 365 days. Shrinkage cracking (Wongpa et al. 2010) and so-
dium and carbon dioxide reaction (Pacheco-Torgal et al. 2007)
were proposed as the reasons.

Volume Intrusion of MIP

The results of volume intrusion of the MIP of geopolymer pastes
are shown in Fig. 4. The volume intrusion (VI) down to 0.007 μm
was dependent on the BA fineness and amount of extra water. In
general, the amount of VI increased gradually with the decreasing
pore diameter. For fine BA, the increases in VI values were initially
lower thanthose of medium BA and coarse BA. The threshold VI
values of slightly higher than 0.02 m3=Mg at a pore diameter of
0.02 μm were quite prominent for both AF and BF pastes. For
the medium BA, the threshold values were not as distinct as those
of fine BA. They were located at VI of 0.04 m3=Mg at pore diam-
eter of 0.025 μm and VI of 0.06 m3=Mg at pore diameter of
0.03 μm for AM and BM pastes, respectively. This indicated that
the extra water and the increase in the BA median particle size re-
sulted in the increase in large pores. The results of VI of coarse BA
paste clearly reflected this observation. The leaching of alumina
and silica was dependent on the contact area of ash particles
and base solution (Rattanasak and Chindaprasirt 2009). The
fine BA with high surface area eased the dissolution of silica, alu-
mina, and calcium, which resulted in higher geopolymerization
(Sathonsaowaphak et al. 2009) and a higher amount of calcium sil-
icate hydrate (C-S-H) (Somna et al. 2011) than those of coarser BA.

This produced a denser matrix and higher compressive strength
mortars than those with coarser BA and with extra water.

The increase in VI was very high at the approximate pore size of
0.01–0.02 μm. For fine BA, a significantly higher percentage of
small pores at approximately 0.01 μm could be observed, com-
pared to that of large pores (larger than 0.02 μm). The high rate
of increase was reduced with the addition of extra water and

Fig. 4. Intruded volume of MIP of geopolymer pastes: (a) AF and BF
pastes; (b) AM and BM pastes; (c) AC and BC pastes

Table 3. Compressive Strengths and Rates of Sorptivity of Geopolymer Mortars

Mix

Compressive strength (MPa) Rate of sorptivity (μm=s1=2)

7 days 28 days 90 days 180 days 360 days 7 days

AF 48.5 54.5 51.5 61.5 55.5 6.1
AM 46.0 48.0 46.5 49.5 39.5 7.6
AC 43.0 40.0 32.5 35.0 36.5 11.0
BF 16.0 22.5 22.0 22.5 23.5 14.0
BM 16.0 15.0 15.0 16.5 13.5 16.0
BC 16.5 13.5 13.5 11.5 15.0 40.0
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reduction in fineness of BA. These results suggested an increase in
gel pore (approximately 0.01–0.02 μm) and the corresponding
increase in gel formation.

To further compare the results, the amount of small pores and
large pores were identified, as shown in Fig. 5. The small pores
were pores with sizes up to 0.05 μm, which included small capil-
lary pores (Chindaprasirt et al. 2007b). The percentages of VI of
small and large pores were clearly affected by the water/ash ratio
and fineness of BA. The percentage of VI of large pores between
0.05–100 μm of AF and BF pastes was low at 10%. The percent-
ages of VI increased with the decrease in fineness of BA and with
the addition of extra water. The percentages of large pores of AM
and AC pastes were 21 and 33%, compared to 37 and 70% of those
of BM and BC pastes. The geopolymer porosity was affected by the
water/ash ratio (Skvara et al. 2006). The addition of extra water
increased the porosity of the geopolymer paste. The incorporation
of water effectively improved the workability of geopolymer, with
some reductions in strength (Chindaprasirt et al. 2007a). Excess
water also diluted the liquid and thus slowed down the dissolution
and reaction of geopolymer (Sathonsaowaphak et al. 2009). The
increase in porosity and dilution of liquid alkaline activator were
the primary reasons for the reduction in strength.

Rate of Sorptivity

The results in Table 3 showed that the rate of sorptivity of mortar
decreased with the increase in fineness of BA. The rate of sorptivity
of AF, AM, and AC mortars were 6.1, 7.6, and 11.0 μm=s1=2, re-
spectively. The sorption versus time1=2 curves were linear and very
close to the straight line. The relatively low sorptivity indicated that
the pores were too small to take up water. The use of fine BA re-
sulted in a dense and strong matrix and the decrease in the rate of
sorptivity values, as expected. The obtained rate of sorptivity values
were similar to those of portland cement or portland blended ce-
ment concrete of 5.0–30.0 μm=s1=2 (Ghrici et al. 2007; Gonen
and Yazicioglu 2007; Keleştemur and Demirel 2010). The addition
of water to improve the workability resulted in mixes with less
dense matrices and the rate of sorptivity values increased more than
those of Series A. The rate of sorptivity values of BF, BM, and BC
mixes were 14.0, 16.0, and 40.0 μm=s1=2, respectively. These rate
of sorptivity values were approximately 2.5–4 times higher than the
corresponding values of Series A. The rate of sorptivity values of
BF and BM at 14.0 and 16.0 μm=s1=2 were within the normal range
of those of portland cement mortar. However, the rate of sorptivity
value of BC of 40.0 μm=s1=2 was higher than those of portland
cement. The high rate of sorptivity of the BC mix corresponded

with a large amount of large pores, indicated by the MIP
results (Fig. 4).

Sulfate Resistance

The results of mortar bar expansion are given in Fig. 6(a). The ex-
pansion of mortar bars was found to depend on the fineness of the
BA and the water content of mixture. The expansions of Series B,
which contained extra water, were significantly higher than those of
Series A. After immersion for 360 days, the expansions of Series B
were between 215 and 325 microstrains, whereas those of Series A
were between 80 and 160 microstrains. The results correlated with
the results of pore size and strength. The mix with extra water con-
tent and a large amount of large pores exhibited high expansion and
low strength. For the effect of fineness of BA, the expansions were
lower with the use of fine BA. For Series A, the expansions after a
360-day immersion were 80, 125, and 160 microstrains for AF,
AM, and AC mortars, respectively. For Series B, the trend of
the results was similar to the expansions after 360 days of
215, 280, and 325 microstrains for BM, BF, and BC mortars,
respectively.

The values of expansion of 215–315 and 230–335 microstrains
for Series B mixes after 270 and 360 days of immersion in 10%
sulfate solution were still lower than those of mortars made from
portland cement replaced with 20–25% fly ash immersed in 5–10%
sodium sulfate solution (Chindaprasirt et al. 2007c; Nehdi and
Hayek 2005). The expansions of mortars made from portland ce-
ment replaced with 20–40% fly ash immersed for 360 days in 5%
sodium sulfate solution were between 500 and 750 microstrains
(Chindaprasirt et al. 2007c).

The results of the weight change of geopolymer mortar bar im-
mersed in sulfate solution are shown in Fig. 6(b). The weight gains
were dependent on the fineness of BA and water content. For Series
B mixes with extra water, the weight gains were high at 2–5% and
those of Series A mixes were lower than 2% after 180–360 days of

Fig. 5. Percentage of intruded volume of MIP

Fig. 6. Change in length and weight of mortar bars in 10% sodium
sulfate solution after 180–360 days of immersion: (a) length change;
(b) percentages of weight change
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immersion. In fact, the initial weight gains of AF and AM mortars
were very low, and significant weight gains were obtained after a
period of immersion. The weight gain increased with the increasing
amount of large pores. For the effect of fineness, the fine BA
performed better than the coarse BA. The fine BA geopolymer
was denser and contained fewer large pores than the coarse BA
geopolymer.

The expansion of high calcium BA geopolymer mortar im-
mersed in sodium sulfate solution was attributable to the formation
of ettringite and gypsum crystal (Bakharev 2005; Sata et al. 2012).
The high calcium content of BA reacted with sulfate ion and
formed the calcium sulfate, which precipitated within the pores
of matrix. It was also reported that the calcium reacted and formed
C-S-H, and coexisted with the geopolymer gel (Somna et al. 2011).
In addition, the sulfate also reacted with other ions such as alumi-
num and formed ettringite (calcium sulfoaluminate hydrate). The
formation of both gypsum crystals and ettringite contributed to
the expansion of mortar bars. After immersion in sodium sulfate
solution, mortars made from coarse BA and those with extra water
with a low degree of geopolymerization and large amount of large
pores contained a large amount of ettringite and gypsum, and thus
showed large expansion and weight gain. In the study of fly ash
geopolymer samples immersed in sodium and magnesium sulfate
solutions, the ettringite phase was identified using XRD (Bakharev
2005). Other sulfate products were also likely to be present after the
sulfate attack.

Conclusions

Based on the obtained data, the following conclusions were made:
1. The high calcium bottom ash geopolymer with relatively high

compressive strengths of 40.0–54.5 MPa at 28 days were ob-
tained with the use of finely ground BA, 10 M NaOH, sodium
silicate solution with temperature curing at 75°C for 48 h. The
fine BA gave a high compressive strength due to an increase in
reactivity through a more increased surface area than medium
and coarse BA.

2. The strengths of high calcium bottom ash geopolymer mortar
were dependent on BA fineness and the amount of water in the
mixes. The addition of extra water at a water/ash ratio of 0.08
significantly improved the workability of mixes. However, the
28-day compressive strengths were significantly reduced to
13.5–22.5 MPa.

3. The threshold values of the intruded volume, pore sizes of
paste, and rate of sorptivity of mortar of high calcium bottom
ash geopolymer were dependent on the fineness of BA and
extra water. The pastes with low percentages of large pores
and mortars with low rates of sorptivity were obtained with
mixes with no extra water and with fine BA.

4. The resistance to sulfate attack of high calcium bottom ash
geopolymer mortar was excellent, because the expansion of
mortar bars after immersion in the 10% sodium sulfate solu-
tion for 360 days were low. The expansion was primarily re-
lated to the formation of ettringite and gypsum.
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Abstract: The effect of Portland cement (OPC) addition on the properties of high calcium fly ash geopolymer pastes

was investigated in the paper. OPC partially replaced fly ash (FA) at the dosages of 0, 5%, 10%, and 15% by mass of

binder. Sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) solutions were used as the liquid portion in the mixture:

NaOH 10 mol/L, Na2SiO3/NaOH with a mass ratio of 2.0, and alkaline liquid/binder (L/B) with a mass ratio of 0.6. The

curing at 60◦C for 24 h was used to accelerate the geopolymerization. The setting time of all fresh pastes, porosity, and

compressive strength of the pastes at the stages of 1, 7, 28, and 90 d were tested. The elastic modulus and strain capacity

of the pastes at the stage of 7 d were determined. It is revealed that the use of OPC as an additive to replace part of FA

results in the decreases in the setting time, porosity, and strain capacity of the paste specimens, while the compressive

strength and elastic modulus seem to increase.

Keywords: geopolymers; Portland cement; fly ash; compressive strength; porosity; elastic moduli

1. Introduction

Currently, Portland cement (OPC) is used extensively

as a cementitious material for construction and building.

However, the process of producing OPC also results in en-

vironmental problems and releases a large amount of green

house gas [1]. Therefore, the effort focuses on how to re-

place part of OPC with by-products or natural materials.

Recently, a new and more environmental friendly binding

material, called geopolymer, was developed [2]. Geopoly-

mer is normally made from a source material containing

silica and alumina, and activated with alkali solution.

Fly ash (FA) is a by-product from lignite coal burning

from Mae Moh Power Station in northern Thailand. The

annual output is approximately 3 million tons. This FA

consists mainly of silicon dioxide (SiO2), aluminum triox-

ide (Al2O3), and calcium oxide (CaO). High CaO is the

normal feature of high calcium fly ash. The use of FA

as pozzolan in concrete is constantly increasing because it

improves the properties of concrete, namely, workability,

durability, and long-term strength in hardened concrete

[3-4]. It has been also shown that this high calcium fly ash

is suitable as a source material for making good geopoly-

mer [5-6]. The high calcium content of fly ash leads to the

formation of calcium silicate hydrate which coexists with

the aluminosilicate geopolymer products [7-8]. The coex-

istence of calcium silicate hydrate (C-S-H) phase with the

geopolymeric gel has been proved to improve the mechani-

cal properties of final products [9]. In addition, it has been

suggested that, for geopolymer containing various Ca com-

pounds, the calcium enters into the geopolymer network,

possibly acting as the charge-balancing cation [10].

The reaction of fly ash and alkali solution is an en-

dothermal process and thus requires the extra heat [11-
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12]. In the production of fly ash geopolymer, a moderate

heat is usually incorporated to accelerate the geopolymer-

ization. The reaction of OPC with water is an exothermal

process and generates heat. The addition of OPC in a fly

ash geopolymer system should be beneficial not only on

the mechanical properties but on the setting and reaction

of the system. The amount of OPC as an additive should

not be large. The heat generated by OPC hydration should

assist the geopolymerization process.

This paper studied the properties of geopolymer

pastes made from high calcium FA with OPC as an ad-

ditive. The knowledge would be beneficial to the future

applications of geopolymeric materials.

2. Experimental

2.1. Materials

A high calcium fly ash (FA) from Mae Moh Power

Plant in northern Thailand and Portland cement Type I

(OPC) were used in this study. Sodium hydroxide (NaOH)

and sodium silicate (Na2SiO3) with 13.89% Na2O, 32.15%

SiO2, and 46.04% H2O by mass were used as a liquid por-

tion in the mixture to activate the geopolymerization.

Table 1 shows the chemical composition of FA and

OPC. The physical properties of materials are shown in

Table 2. The specific gravity of FA and OPC are 2.61 and

3.16, respectively. The median particle sizes of FA and

OPC are 8.5 and 14.6 μm with the corresponding Blaine

fineness values of 4300 and 3600 cm2/g, respectively.

2.2. Mix proportion of geopolymer pastes

The mix proportions of geopolymer pastes are shown

in Table 3. The control, FA5PC, FA10PC, and FA15PC

pastes are geopolymer pastes with 0%, 5%, 10%, and 15%

OPC by mass of binder. The constant ratio of liquid alka-

line to binder by mass (L/B, 0.60) and the ratio of Na2SiO3

to NaOH by mass (2.0) based on the previous research [13]

were used for all mixtures. The NaOH and Na2SiO3 solu-

tions were first mixed together and used as the liquid solu-

tion. FA and OPC were dry and mixed until homogenous.

Thereafter, the liquid solution was added, and mixing of

pastes was done for 5 min.

Table 1. Chemical composition of materials wt%

Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI

FA 29.32 12.96 15.64 25.79 2.94 2.93 2.83 7.29 0.30

OPC 20.80 4.70 3.40 65.30 1.50 0.40 0.10 2.70 0.90

Table 2. Physical properties of materials

Materials Specific gravity Median particle size, d50 / μm Blaine fineness / (cm2·g−1)

FA 2.61 8.5 4300

OPC 3.16 14.6 3600

Table 3. Mix proportions of geopolymer pastes

Mix No. Symbol
Mix proportion / wt%

SiO2/Al2O3 mole ratio
FA OPC

1 Control 100 0 3.26

2 FA5PC 95 5 3.28

3 FA10PC 90 10 3.30

4 FA15PC 85 15 3.33

2.3. Setting time and compressive strength of
geopolymer pastes

After mixing, the setting time of geopolymer pastes

were tested in accordance with ASTM C191 [14]. The re-

ported setting times of geopolymer pastes were the average

of three samples.

Cube moulds of 50 mm×50 mm×50 mm were used for

the compressive strength tests of geopolymer pastes. The

specimens were prepared in accordance with ASTM C109

[15]. The moulds were wrapped with vinyl sheets to pro-

tect the moisture loss and left standing for 1 h. Then, the

specimens were placed in the oven for heat curing at 60◦C
for 24 h. After the heat curing, the specimens were kept

in the laboratory to cool down and demoulded the next

day. At last, they were kept in a 23◦C control room. The

reported compressive strengths of geopolymer pastes are

the average of five samples.

2.4. Porosity of geopolymer pastes

Cylindrical specimens with 50 mm in diameter and 100

mm in height were prepared for the porosity measurement

of geopolymer paste specimens. The specimens were cured

in a 23◦C control room and tested after curing time of 1, 7,



216 Int. J. Miner. Metall. Mater., V ol. 20 , No. 2 , Feb. 2013

28, and 90 d. The porosity was calculated using Eq. (1).

Moreover, the water absorption of geopolymer pastes was

also tested. The porosity and water absorption were deter-

mined as described in ASTM C642 [16]. The methods for

measuring porosity and water absorption were used suc-

cessfully in a number of researches [17-20]. The reported

results are the average of three samples.
⎧
⎪⎪⎨
⎪⎪⎩

p =
B −A

B − C
× 100%

w =
B −A

A
× 100%

(1)

where p is the vacuum saturation porosity; w the vacuum

saturation water absorption; A the weight of the oven-dried

sample, g; B the weight in air of the saturated sample, g;

and C the weight in water of the saturated sample, g.

3. Results and discussion

3.1. Setting time

The setting time of geopolymer pastes at various re-

placement levels of OPC are shown in Fig. 1. The initial

setting time of control, FA5PC, FA10PC, and FA15PC

pastes are 30, 27, 20, and 15 min, and the final setting

time of these pastes are 58, 47, 38, and 26 min, respec-

tively. The setting time of geopolymer pastes obviously

decreased with the increase in the replacement of OPC,

indicating the faster activation of the pastes. The addition

of calcium in soluble or partly soluble states significantly

accelerated the setting and hardening of geopolymer pastes

[6, 21]. Readily available free Ca ions from OPC and high-

calcium FA also reacted and formed C-S-H and calcium

aluminosilicate hydrate (C-A-S-H) [22-23]. The higher Ca

content with the reduced amount of SiO2 and Al2O3 of

binders led to a higher reaction degree [24]. The faster

setting time of FA-OPC paste could be advantages in the

repair binding materials or in other conditions where fast

setting is required.

Fig. 1. Setting time of geopolymer pastes.

3.2. Compressive strength
The compressive strengths of geopolymer pastes at

various replacement levels of OPC are shown in Fig. 2.

The compressive strengths of geopolymer pastes obviously

increased with the increase in replacement levels of OPC

and curing time. When the content of OPC increased,

the compressive strength of geopolymer pastes was signif-

icantly improved due to the increased amount of Ca con-

tent, which altered the microstructure of geopolymer gels

[21, 25]. These results agreed with previous researches [22,

26]. The increase in Ca led to a high compressive strength

mix due to the additional formation of C-S-H and C-A-S-H

gels, which modified the microstructure of the paste. C-

S-H and C-A-S-H within geopolymeric binder could work

as a micro-aggregate, thereby enhanced the durability and

compressive strength [21, 27]. The reaction with SiO2 and

Al2O3 of binder reduced the Ca(OH)2 content of the sys-

tem, and the pore structure was refined in a similar way as

the pozzolanic reaction in the blended cement paste [28].

As shown in Fig. 2, for the low replacement levels of OPC

in control and FA5PC mixes, the rates of strength improve-

ment are low after curing for 28 d. However, the rates are

high for the high OPC replacement levels in FA10PC and

FA15PC mixes. This was associated with the reaction of

OPC and pozzolanic reactions to form additional C-S-H

and C-A-S-H. The increase in compressive strength at the

later stage in this system was very useful, as this could

compensate for the possible strength reduction at the later

stage often observed [29].

Fig. 2. Compressive strength of geopolymer pastes.

3.3. Porosity and water absorption

The results of porosity and water absorption of

geopolymer pastes are shown in Table 4. The porosities

at all stages of pastes are lowered with the increases in the

replacement level of OPC and curing time. For example,

the porosities at 28 d of control, FA5PC, FA10PC, and

FA15PC pastes are 14.6%, 13.3%, 12.4%, and 12.0%, re-

spectively, and the porosities of FA10PC pastes at 1, 7, 28,

and 90 d are 15.5%, 12.9%, 12.4%, and 12.0%, respectively.

The water absorption capacity decreases with the increase

in curing time as expected. The water adsorption values

were slightly less than the absorptions, as some of pores

were not readily accessible. The results corresponded well

with the strength behavior. The increase in OPC content
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led to a higher compressive strength and reduced poros-

ity. The reduced porosity and increased density were the

results of pore structure refinement from coarser to finer

[30-32].

Table 4. Porosity and water absorption of geopolymer pastes

Mixes
Porosity / %

Water absorption (7 d) / %
1 d 7 d 28 d 90 d

Control 18.5 15.2 14.6 14.3 10.2

FA5PC 17.9 14.6 13.3 12.5 9.5

FA10PC 15.5 12.9 12.4 12.0 8.7

FA15PC 13.4 12.6 12.0 11.1 8.5

3.4. Stress-strain and elastic modulus of
geopolymer pastes

The relationships between stress and strain of geopoly-

mer pastes curing for 7 d are shown in Table 5 and Fig. 3.

The chord modulus was determined as described in ASTM

C469 [33]. The values of elastic modulus and compressive

strength increased with the OPC replacement levels. The

denser and stronger pastes with the addition of OPC re-

sulted in the increase in elastic modulus. The elastic mod-

ulus values of normal strength Portland cement pastes were

reported to be between 12.5 and 17.5 GPa [34-35], which

were similar to that of geopolymer pastes without OPC.

The addition of OPC produced additional C-S-H and C-

A-S-H within geopolymeric binder and acted as a micro-

aggregate, which enhanced the compressive strength [21,

27] and increased the elastic modulus of the pastes. For

the strain capacity, the strains at peak stress (strain capac-

ity) were lowered with the increase in the OPC replacement

level. The strain capacity at peak stress tended to reduce,

whereas the elastic modulus tended to increase with the

increase in the OPC content compared to those of the con-

trol paste.

Table 5. Strain capacity (εp) and elastic modulus (E)

of geopolymer pastes curing for 7 d

Mixes εp E / GPa

Control 0.00302 13.7

FA5PC 0.00247 15.2

FA10PC 0.00238 19.4

FA15PC 0.00230 23.2

Fig. 4 shows the relationship between elastic modu-

lus and compressive strength of geopolymer pastes. The

elastic modulus tended to increase linearly with the square

root of ultimate compressive strength. The equation pre-

dicting this relationship can be written as

E = 8.507
√

f ′c − 41.649 (2)

where E stands for the elastic modulus, GPa; and f ′c the

ultimate compressive strength, MPa.

Fig. 3. Relationship between stress and strain of

geopolymer pastes.

Fig. 4. Relationship between elastic modulus and

compressive strength of geopolymer pastes.

As shown in Fig. 4, the elastic modulus values of

geopolymer pastes in this study are approximately half of

those given by ACI 318 for Portland cement concrete [36],

and similar to those of the Portland cement paste with the

similar strengths (between 38.5 and 52.2 MPa) [34, 37].

The elastic modulus of inorganic polymer concrete (IPC)

depends primarily on the SiO2/Al2O3 mole ratios by mass

[38]. In this study, the SiO2/Al2O3 mole ratio of mixes

varied in a narrow range between 3.26-3.33, as shown in

Table 3, and its effects on the strength and elastic modulus

would be small. The influences on the elastic modulus and
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strength were, therefore, from the addition of OPC. The in-

creased calcium reacted and formed additional C-S-H and

C-A-S-H. The results also suggested that the increase in

OPC content was very useful in terms of improvement in

the stiffness of this inorganic polymer matrix.

3.5. Relationship between compressive streng-
th and porosity of geopolymer pastes

The relationship between compressive strength and

porosity of geopolymer pastes is shown in Fig. 5, which

can be presented in the form of Eq. (3). The similar

relationship between strength and porosity of Portland ce-

ment pastes from previous research [39] was also reported

for comparison. A slightly lower in the strength and poros-

ity curve obtained from this study could be attributed to

the difference in the measuring of porosity. The values ob-

tained from the vacuum saturation porosity, as described

in ASTM C642, was slightly lower than that obtained from

the mercury intrusion porosimetry (MIP).

f ′c = 211.711 exp(−0.103p) (3)

Fig. 5. Relationship between porosity and compres-

sive strength of geopolymer pastes.

The results indicated that increasing the compressive

strength of geopolymer pastes corresponded to the reduc-

tion in porosity. The addition of OPC resulted in the rich

of Ca(OH)2, and increased C-S-H and C-A-S-H phases,

which refined the pore structure of geopolymer pastes [40]

and increased the compressive strength and elastic modu-

lus of geopolymer pastes.

3.6. SEM analysis

The SEM photos of FA and FA10PC geopolymer

pastes are shown in Fig. 6. The FA paste contains a larger

number of non-reacted and/or partially reacted fly ash

particles embedded in a continuous matrix. For FA10PC

paste, a less number of fly ash particles are observed, and

the matrix appears denser than that of the FA paste. The

use of high calcium fly ash resulted in the formation of

C-S-H which co-existed with geopolymer products [7-8].

The incorporation of Portland cement resulted in the less

amount of fly ash used and also the formation of addi-

tional C-S-H and C-A-S-H, which also would coexist with

geopolymer products. This led to the overall increase in

the strength of geopolymer products.

Fig. 6. SEM images of geopolymer pastes: (a) FA; (b)

FA10PC.

4. Conclusions

(1) The use of OPC to partially replace FA results in

the reduction of setting time due to the increase in cal-

cium content, which accelerates the setting and hardening

of geopolymer pastes. The initial and final setting times of

geopolymer pastes are between 15-30 min and 26-58 min,

respectively.

(2) The incorporation of OPC increases the strength of

FA geopolymer mixes due to the formation of additional

C-S-H and C-A-S-H gel, which modifies the microstruc-

ture and pore of geopolymer pastes. The relatively high

compressive strength (curing for 28 d, 64.0 MPa) can be

obtained with the replacement of 15wt% OPC.

(3) The incorporation of OPC also increases the elas-

tic modulus and reduces the pore of geopolymer pastes.

Additional C-S-H and C-A-S-H are formed and filled the

pore to make dense and strong geopolymer pastes.

(4) The strain capacity at peak stress of geopolymer

pastes, however, is reduced with the increase in OPC con-

tent. The dense and strong pastes are obtained at the

compensation of less deformation in terms of strain at

peak stress.
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" Recycled aggregates (RAs) were used to make pervious geopolymer concrete (PGC).
" PGCs were prepared from high-calcium fly ash geopolymer binder and two different types of RA.
" Mechanical properties, total void ratio, and water permeability were tested.
" These RA could be used as coarse aggregates to produce PGC with acceptable properties.
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a b s t r a c t

In this paper, the use of recycled aggregates (RAs) for making pervious geopolymer concrete (PGC) was
studied. PGCs were prepared from high-calcium fly ash (FA), sodium silicate (Na2SiO3) solution, sodium
hydroxide (NaOH) solution, and two different types of RA viz., crushed structural concrete member (RC)
and crushed clay brick (RB). The results were also compared with those of natural coarse aggregate (NA).
Compressive strength, splitting tensile strength, total void ratio, and water permeability coefficient of the
PGCs were determined. The results indicate that both RC and RB can be used as recycled coarse aggre-
gates for making PGC with acceptable properties.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Pervious concrete is a special concrete that contains continuous
voids and possesses high water permeability compared to normal
concrete. It has been developed as an environmentally friendly
material for use in water purification, permeable pavement, acous-
tic absorption, thermal insulation, and other applications in civil
engineering and architecture [1–3]. Generally, the sizes of con-
nected pore in pervious concrete range from 2 to 8 mm in diameter
with void content between 15% and 35% and compressive strength
between 2.8 and 28.0 MPa [4]. Typically, pervious concrete consists
of binder, coarse aggregates, water, and admixture.

It is generally known that cement manufacturing is an energy
intensive process and releases a large amount of green house gas
to the atmosphere. The cement industry contributes about 7% by
weight of the total carbon dioxide emissions [5]. Therefore, the
use of supplementary materials to partially replace Portland ce-
ment and alternative cementing materials should be developed
in order to reduce the use of Portland cement [6–8]. Geopolymer

binder is one such alternative cement which is synthesized by mix-
ing aluminosilicate material and high alkali solutions [9]. It utilizes
by-products such as fly ash or metakaolin as aluminosilicate source
to react with high alkali solutions of sodium or potassium based.
Fly ash geopolymers have been studied by several researchers
and were found to have high early strength, high later age strength,
and excellent resistance to sulfate and acid attack [9–12].

In addition, the use of waste such as recycled aggregate in
concrete is beneficial for the environment. The use of these
materials can reduce wastes to landfill and reduce consumption
of natural material resources. The studies with respect to the appli-
cability of recycled aggregate in concrete have been conducted
around the world [13–16]. However, most researchers have
focused on the mechanical properties of recycled aggregate as a
test element and its application in normal cement concrete. The
study on the use of recycled aggregate in pervious concrete espe-
cially that made with fly ash geopolymer binder is now at the very
beginning.

The strength and void ratio of pervious geopolymer concrete
were studied with high-calcium fly ash as a source material [17].
Pervious fly ash geopolymer concretes (PGCs) were prepared with
Na2SiO3 and NaOH solutions, and natural coarse aggregate with FA

0950-0618/$ - see front matter Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
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to coarse aggregate ratio of 1:8 by weight and constant Na2SiO3/
NaOH ratio of 0.50. The results indicate that the high-calcium fly
ash geopolymer binder could be used to produce pervious concrete
with satisfactory mechanical properties. In this study, recycled
coarse aggregates from crushed structural concrete members and
crushed clay bricks were used to replace natural coarse aggregate
for PGC. The effects of NaOH concentrations on the properties of
PGC were evaluated. The results were also compared with PGC
containing natural coarse aggregate.

2. Materials and methods

2.1. Materials

High-calcium fly ash (FA) was procured fromMae Moh Electricity Power Station
in northern Thailand. The FA had a median particle size of 50 lm, a Blaine fineness
of 2250 cm2/g, and 45% (by weight) retained on 45 lm sieve. SiO2, Al2O3, and Fe2O3

made up 71.7% of the FA whereas the CaO content was 19.4%. It can be classified as
Class C pozzolan according to ASTM C618 [18]. Three concentrations of sodium
hydroxide solution (NaOH) at 10, 15, and 20 M, and a commercial grade sodium sil-
icate solution (Na2SiO3) with 15.32% Na2O, 32.87% SiO2 and 51.81% water were
used. The NaOH solution was prepared by dissolving NaOH pellets in distilled
water. For example, 10 M NaOH was obtained from 400 gm of NaOH pellets and
1 l of distilled water. Sodium silicate solution was used without any modification.

Three types of single-size coarse aggregates with 4.5–9.5 mm diameter were
used in this study. The first was natural coarse aggregate from crushed limestone
(NA), the second was a recycled aggregate from crushed structural concrete (RC) ob-

tained from the strength test in laboratory, and the last was a recycled aggregate
from crushed broken clay brick obtained from construction site (RB). RC was from
the concretes with compressive strengths of 30–40 MPa and RB was from local clay
bricks with compressive strengths of 5.0–9.0 MPa. Fig. 1 shows the coarse aggre-
gates used in this study and their properties are shown in Table 1. The specific grav-
ity (SG) of NA was 2.72 and the dry-rodded density was 1550 kg/m3. The SG slightly
RC was slightly lower at 2.53 as it contained NA and some adhered mortar. The SG
of RB was significantly lower at 2.02 reflecting the different material from NA and
RB altogether. The dry-rodded density of RC and RB were lower than that of NA
while the water absorptions were higher as expected. The mortar content of RC
was 65%. The Los Angeles abrasion loss of NA, RC, and RB were 30.2%, 43.3%, and
42.4%, respectively. The high water absorption and high Los Angeles abrasion loss
of RC and RB were due to the residues of cement mortar attached on aggregate sur-
face and the high porosity of the recycled aggregate [16,19].

2.2. Mix proportions, mixing, casting, and curing

All pervious geopolymer concretes (PGCs) were produced with FA to coarse
aggregate ratio of 1–8 by weight. The Na2SiO3/NaOH and alkali liquid (LA)/FA ratios
were kept constant at 0.50 and 0.45, respectively. The typical mixture consisted of
221 kg/m3 FA, 33 kg/m3 Na2SiO3, 66 kg/m3 NaOH, and 1768 kg/m3 of coarse aggre-
gate. The parameters of this study were the types of coarse aggregates (NA, RC,
and RB) and the NaOH concentrations (10, 15, and 20 M). The mix proportions of
PGC are shown in Table 2. The symbol RC10 means the PGC with RC as coarse aggre-
gate and 10 M NaOH.

The mixing of PGC was done in an air conditioned room at 25 �C. FA and NaOH
were mixed in a pan-type mixer for 5 min. Coarse aggregate was then added and
mixed for 4 min. Finally, Na2SiO3 solution was added and mixed for another minute.
The total mixing time was 10 min.

After mixing, PGC were cast in 100 � 200 mm cylindrical molds and compacted
on a vibrating table. The specimens were immediately wrapped with vinyl sheet to
protect from moisture loss and kept in the controlled 25 �C room for 1 h. After that,
they were placed in an oven for heat curing at 60 �C for 48 h. After the heat curing,
the specimens were put in the laboratory to cool down and demoulded the next
day. The specimens were then wrapped with vinyl sheet and stored in the con-
trolled room at 23 ± 2 �C and 50% RH until the testing age. Fig. 2 shows the speci-
mens of PGC containing NA, RC, and RB.

2.3. Testing methods

The compressive and splitting tensile strengths of PGC were determined at the
age of 7 days in accordance with ASTM C39 [20] and ASTM C496 [21]. The results
were presented as the average value of three specimens.

The total void ratio and water permeability coefficient of PGC were tested using
100 � 200 mm cylindrical specimen. The total void ratio was calculated using Eq.
(1) [22] and the reported values were the average of three specimens

V ¼ 1� W2 �W1ð Þ
qwVol

� �
� 100 ð1Þ

where V is the total void ratio (%), W1 is the weight of specimen under water (g), W2

is the saturated weight of specimen (g), qw is the density of water (g/cm3), and Vol is
the volume of specimen (cm3).

After the total void ratio test, the specimen was placed in the water permeabil-
ity test set-up as shown in Fig. 3. The water permeability coefficient of PGC was
tested using the constant head method and carried out when a steady state flow
was reached. The coefficients of water permeability (k) were the averages of three
specimens and calculated following Darcy’s law [4,23,24] as shown in following
equation:

k ¼ QL
HAt

ð2Þ

where k is the coefficient of water permeability (cm/s), Q is the quantity of water col-
lected (cm3) over time t (s), L is the length of specimen (cm), H is the water head
(cm), and A is the cross sectional area of specimen (cm2).

3. Results and discussions

3.1. Density, compressive strength, and splitting tensile strength

The results of density, compressive strength, and splitting ten-
sile strength tests of PGC are shown in Table. 3. The densities of
PGCs were between 1420 and 1840 kg/m3 which were lower than
that of the conventional concrete (about 2400 kg/m3) due to the
high void of pervious concrete. The NaOH concentration had no ef-
fect on the density of PGC. For example, the densities of RC10,
RC15, and RC20 concretes were 1720, 1710, and 1730 kg/m3,

(a) NA

(b) RC 

(c) RB 

Fig. 1. Comparison of coarse aggregates.
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respectively. The density of PGC containing RB as coarse aggregate
was lowest with the average value of 1480 kg/m3, while the densi-
ties of PGCs containing NA, and RC were higher at 1800 and
1720 kg/m3. The dry-rodded density of aggregate and the density
of PGC containing NA, RC, and RB were plotted in Fig. 4. As ex-
pected, the density of PGC increased as the dry-rodded density of

aggregate increased. The relationship was a linear correlation with
high R2 value of 0.93 as shown in Eq. (3). This equation gives a pre-
diction of the density of PGC based on a known dry-rodded density
of aggregate

D ¼ 0:51ðDrÞ þ 1010 ð3Þ
where D is the density of pervious concrete (kg/m3) and Dr is the
dry-rodded density of aggregate (kg/m3).

The compressive strengths of PGC containing NA were between
11.9 and 13.6 MPa and similar to the PGC containing a slightly lar-
ger aggregate with similar alkali liquid to fly ash ratio [17]. The use
of recycled aggregate reduced the compressive strengths of PGC.
The compressive strengths of PGC containing RC and RB were be-
tween 7.0–10.3, and 2.9–6.6 MPa, respectively. The highest com-
pressive strength of 13.6 MPa occurred with NA10 and NA15
concretes, while the RB10 concrete showed the lowest compres-
sive strength of 2.9 MPa. However, their compressive strengths
were within the typical strength distribution reported [4].

At the same NaOH concentration, the compressive strengths of
PGC containing NA were higher than those of RC and RB. For exam-
ple, the compressive strength of NA15 was 13.6 MPa, while those
of RC15 and RB15 were 10.0 and 4.0 MPa, respectively. The reduc-
tion in strength was due to the weakness of the attached mortar in
recycled aggregate [25]. In addition, the low dry-rodded density
and abrasion resistance of RC and RB also contributed to the low
compressive strength [26]. The compressive strength of PGC was
plotted as a function of dry-rodded density of aggregate as shown
in Fig. 4. By linear regression, the empirical relationship with R2 of
0.87 was derived as

f 0c ¼ 0:0132ðDrÞ � 8:19 ð4Þ

where f 0c is the compressive strength of PGC (MPa) and Dr is the dry-
rodded density of aggregate (kg/m3).

The results also indicated that the optimum NaOH concentra-
tion to produce good strength PGC was 15–20 M. Since the forma-
tion of gel depended on the concentration of alkali OH ion, the low
NaOH concentration resulted in a weak chemical reaction and
slightly decreased compressive strength. The compressive strength
increased with an increase in NaOH concentration mainly through
the leaching of silica and alumina with high NaOH concentration

Table 1
Properties of coarse aggregates (NA, RC, and RB).

Aggregates Specific gravity Dry-rodded density (kg/m3) Absorption (%) Los Angeles abrasion loss (%)

NA 2.72 1590 0.21 30.2
RC 2.53 1340 4.58 43.3
RB 2.02 950 16.2 42.5

Table 2
Mix proportions of pervious geopolymer concretes (PGCs).

Mixes Mix proportion (kg/m3)

FA Na2SiO3 NaOH (10 M) NaOH (15 M) NaOH (20 M) Coarse aggregates

NA RC RB

NA10 221 33 66 – – 1768 – –
NA15 221 33 – 66 – 1768 – –
NA20 221 33 – – 66 1768 – –
RC10 221 33 66 – – – 1768 –
RC15 221 33 – 66 – – 1768 –
RC20 221 33 – – 66 – 1768 –
RB10 221 33 66 – – – – 1768
RB15 221 33 – 66 – – – 1768
RB20 221 33 – – 66 – – 1768

Note: Na2SiO3/NaOH = 0.50.

Fig. 2. Specimens of PGC containing NA, RC, and RB after demoulding.

Fig. 3. Test set-up of water permeability.
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[27]. However, an increase in alkali concentration enhanced
strength development of geopolymer, but excess hydroxide ion
concentration caused aluminosilicate gel precipitation at early
stage and resulted also in low strength geopolymer [28,29]. The
reduction of strength due to the increased in NaOH concentration
from 15 M to 20 M could be observed in the NA aggregate. Similar
to conventional concrete, the compressive strength of PGC im-
proved when the density increased as shown in Fig. 5. The relation-
ship between density and compressive strength of PGC was linear
with R2 equal to 0.84 and the function can be written as

f 0c ¼ 0:0245ðDÞ � 31:97 ð5Þ

where f 0c is the compressive strength (MPa) and D is the density of
PGC (kg/m3).

The splitting tensile strength of PGC ranged from 0.4 to 1.8 MPa.
The results followed the same trend as those of the compressive
strength. The splitting tensile strength values of PGC containing
NA aggregate were higher than those of RC and RB aggregates.
NA15 concrete gave the maximum splitting tensile strength of
1.8 MPa while RB10 concrete gave the lowest strength of 0.4 MPa.
The average ratio of splitting tensile to compressive strengths of
PGC was 14.4% which was slightly higher than 8–14% for conven-
tional concrete and Portland cement concrete containing recycled
aggregate [16,30,31] as shown in Fig. 6. This was due to the denser
and stronger interfacial transition zone between aggregates and
geopolymer binder comparedwith that of cement binder as a result
of the use of soluble silicate [32].

The relationship between compressive strength and splitting
tensile strength of PGC compared with the value suggested by ACI
318 [33] is shown in Fig. 7. The results showed that as compressive
strength increased, the splitting tensile strength also increased. The

splitting tensile strengths of PGC were slightly lower than that pre-
dicted by ACI 318 [33]. Eq. (6) was used for prediction the splitting
tensile strength of PGC

fst ¼ 0:44ðf 0cÞ0:50 ð6Þ

where fst is the splitting tensile strength (MPa) and f 0c is the com-
pressive strength of PGC (MPa).

Table 3
Density, compressive strength, and splitting tensile strength of PGC at the age of
7 days.

Mixes Density (kg/
m3)

Compressive strength
(MPa)

Splitting tensile strength
(MPa)

NA10 1840 13.6 1.6
NA15 1760 13.6 1.8
NA20 1810 11.9 1.5
RC10 1730 7.0 1.3
RC15 1710 10.0 1.4
RC20 1720 10.3 1.5
RB10 1420 2.9 0.4
RB15 1510 4.0 0.7
RB20 1520 6.6 0.9
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3.2. Fracture surfaces

Fig. 8 compares the PGC failure patterns of various aggregates
and Figs. 9–11 show the fracture surfaces of PGC specimens after
splitting tensile test. The majority of failure of PGC with NA aggre-
gate occurred at the interface between geopolymer paste and
aggregate. However, for RC aggregate, the fractures were at the at-
tached mortar. As compare to normal aggregate and geopolymer
paste, the poor quality due to its high porosity of the attached mor-
tar had created the weak zones in PGC. When the PGC approached
the ultimate load, the cracks passed though these zones instead of
paste and coarse aggregate [25,34]. The failure surface of PGC con-
taining RB showed fracture through the recycled aggregate parti-
cles indicating that RB aggregate was the weakest point. The RC
and RB aggregate particles were not strong as suggested by their
high Los Angeles abrasion losses (43.2% and 42.5%).

3.3. Total void ratio and water permeability coefficient

Table 4 shows the results of total void ratios and water
permeability coefficient of PGC. The total void ratios of all PGC var-
ied between 21.7% and 27.4% which were typical values of ACI 522
(15–35%). It was reported that PGCs with high total void ratios of
28.7–30.4% were successfully made with the use of a relatively
large coarse aggregate of 12.5–20.0 mm [17]. The total void ratios
of PGC containing NA slightly increased with the increasing NaOH
concentrations. They were 24.2%, 25.3%, and 27.4% for NA10, NA15,
and NA20 concretes, respectively. The use of RC in PGC at various
NaOH concentrations showed nearly the same total void ratios of
26.8%, 26.9%, and 26.4% for RC10, RC15, and RC20, respectively.
In the case of using RB in PGC, the total void ratios ranged from

21.7% to 23.7% which were lower than those of NA and RC. It could,
therefore, be concluded that the total void ratios of the PGC with
different NaOH concentrations but the same aggregate and geo-
polymer paste content were not very different.

With regard to the water permeability coefficient of PGC, the
trend of the results was similar to that of the total void ratio. The
low values of water permeability coefficients of 0.71–1.2 cm/s
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Fig. 7. Relationship between compressive strength and splitting tensile strength of
PGC at the age of 7 days.

Fig. 8. Failure surface of PGC by splitting tensile strength.

Fig. 9. Fracture surface of PGC containing NA; (A) void; (B) failure at bond; and (C)
geopolymer paste.

Fig. 10. Fracture surface of PGC containing RC; (A) void; (B) fractured RC at
attached mortar; and (C) geopolymer paste.

Fig. 11. Fracture surface of PGC containing RB; (A) void; (B) fractured RB; and (C)
geopolymer paste.
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were achieved with PGC using RB aggregate. Also, the water per-
meability coefficient values of PGC with the same aggregate varied
in a narrow range with different NaOH concentrations. Thus, the
relationship between water permeability coefficient and total void
ratio of all PGCs could be fitted as Eq. (7) as shown in Fig. 12. The R2

value of 0.93 indicated a relatively strong relation between water
permeability coefficient and total void ratio

k ¼ 0:036e0:141ðVÞ ð7Þ
where k is coefficient of water permeability coefficient (cm/s) and V
is total void ratio (%).

Similar trend of results was reported by the previous work [17]
as shown in Fig. 12. The permeability of PGC increased exponen-
tially with the void content similar to normal Portland cement
pervious concrete [23].

4. Conclusions

The recycled aggregate from crushed structural concrete mem-
ber (RC) and crushed clay bricks (RB) could be used as coarse aggre-
gates for making pervious geopolymer concrete (PGC) using high-
calcium fly ash as a source material. PGCs containing RC and RB
gave lower compressive strengths than those containing natural
aggregate (NA). However, the obtained compressive strengths of
2.9–10.3 MPa were within the typical strength distribution re-
ported [4]. The relationships of density and compressive strength,
splitting tensile and compressive strength, and total void ratio
and water permeability coefficient in pervious high-calcium fly
ash geopolymer concrete incorporating recycled coarse aggregates
were similar to those of conventional pervious concrete. The total
void ratio and water permeability coefficient of the PGCs with dif-
ferent NaOH concentrations but the same aggregate and geopoly-
mer paste content were not very different. For the effect of NaOH

concentrations, the high concentration 15–20 M NaOH gave PGC
with higher strength than the low concentration 10 M NaOH.

The overall results indicate that it is feasible to use RC and RB as
recycled coarse aggregates with high-calcium fly ash geopolymer
binder for making pervious concrete with acceptable properties.
However, the using RC and RB resulted in significant losses in
strength as compared to a NA pervious concrete.
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a b s t r a c t

Fly ash geopolymer requires rather long heat curing to obtain reasonable strength development at an
early age. However, the long heat curing period limits the application of the fly ash geopolymer. High
strength development and a reduction in heat curing duration have been considered for energy saving.
Therefore, this research proposed a process using 90-W microwave radiation for 5 min followed by con-
ventional heat curing for high-calcium fly ash geopolymer. Results showed that the compressive
strengths of geopolymer with microwave radiation followed by conventional heat curing were compara-
ble to those of the control cured at 65 �C for 24 h. Microwave radiation gave the enhanced densification.
In addition, SEM images showed that the gels formed on the fly ash particles owing to the promoted dis-
solution of amorphous phases from fly ash. This method accelerated the geopolymerization and gave the
high compressive strength comparable to the conventional curing.
� 2012 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Coal-fired power plants currently produce 40% of the global
electricity for households and industries. Besides generating power
energy, coal wastes, i.e. fly ash and bottom ash are obtained and
utilized related to the environmental aspect [1,2]. In addition to
the use of fly ash to partially replace Portland cement, the high
content fly ash usage has been introduced and termed ‘‘geopoly-
mer’’ which is a low heat cured alumino-silicate material [3]. Ow-
ing to the endothermic reaction, heat curing at 65 �C was employed
in order to gain high early strength of lignite fly ash geopolymers
with good physical and mechanical properties [4,5]. However,
the 24-h or longer heat curing periods limit the application of geo-
polymer. Although the room temperature curing has been consid-
ered for energy saving, the prolonged curing duration was required
to obtain reasonable strength for lignite fly ash geopolymer [6].

Heat curing has been applied to construction materials espe-
cially for the precast concrete to improve the strength develop-
ment process. This concrete attains sufficient strength in short
curing time, so the moulds can be reused, and the final products
can be rapidly delivered to the site [7]. For the conventional heat-
ing technique, heat is distributed in the specimen from the exterior
to the interior leading to the non-uniform and long heating period
to attain the required temperature. In contrast, the microwave
technique allows a uniform and fast heating due to the interaction
between the polar molecules and microwave electric fields [7–11].

Application of microwave to the fresh concrete results in removal
of water, collapse of capillary pore and densification of sample.
However, microwave radiation is mostly used in concrete curing
and the radiation period is usually long (more than 1 h with high
wattage) [7,8]. This could limit the use of microwave curing due
to the energy cost.

Therefore, this research proposed the process to reduce the
microwave curing duration and energy using the short-timemicro-
wave radiation in addition to the convention heat curing for the fly
ash geopolymer. Microwave radiation could play the role in the
geopolymer formation and strength enhancement. Additionally,
this method could shorten the curing time of geopolymer, acceler-
ate the geopolymerization and give the high compressive strength
at an early age compared to the conventional curing.

2. Experimental procedure

2.1. Materials

Coal fly ash from Mae Moh power plant in the north of Thailand
was used as raw material. This fly ash was generated from the pul-
verized coal combustion process (1200 �C) using lignite coal as the
feed. The properties of this fly ash are tabulated in Table 1. In addi-
tion to Al2O3 and SiO2, this fly ash had high contents of CaO and
magnetite (Fe3O4). Sodium hydroxide pellet (NaOH) dissolved in
the deionized water to obtain 10 M NaOH solution, and sodium sil-
icate solution (Na2SiO3) with SiO2:Na2O mass ratio of 3.2 was also
used. The viscosities of 10 M NaOH and Na2SiO3 were 9.3, and 60.6
cps (centipoises), respectively. The graded river sand with fineness

0921-8831/$ - see front matter � 2012 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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modulus of 2.8 and specific gravity of 2.65 was employed to pre-
pare the mortar specimen for strength test.

2.2. Geopolymer preparation

To prepare the liquor, 10 M NaOH and Na2SiO3 were mixed in a
container with the Na2SiO3/NaOH mass ratio of 1.5. The liquor was
then added to the fly ash in a pan mixer and the paste was thor-
oughly mixed. The fly ash-to-liquor mass ratio of 1.86 (fly
ash = 65 wt% and liquor = 35 wt%). The paste was continuously
mixed for 5 min and then cast into 50-mm cubic acrylic mould
(1-cm thickness). The paste specimens were vibrated for 10 s and
covered with cling film to avoid the moisture evaporation during
the heat curing.

For geopolymer mortar preparation, sand was added to the
paste mixture with the sand-to-fly ash mass ratio of 1.5 and mixed
for another 2 min. The mixture was then cast into 50-mm cubic ac-
rylic mould. The curing condition was the same as for the paste
preparation. Compressive strength test was performed on the geo-
polymer mortars.

2.3. Microwave and conventional curing temperature profile

In this study, the 2.45-GHz household microwave and the con-
ventional oven were employed. Owing to preliminary results, 90-
and 180-W microwave power levels were applied on the geopoly-
mer mortars for 3, 5 and 10 min to obtain the temperature profile
at the middle of the samples. Higher wattage resulted in rapid
evaporation in short time, heat evolution and cracks on the surface
of specimens. Result is reported as an average of five samples.

In addition, the effect of microwave and conventional curing on
the compressive strength of geopolymer mortar was evaluated. 90-
W microwave curing for 5 min was selected in addition to the con-
vention heat curing at 65 �C for 3, 6 and 12 h. After heat curing,
specimens were cooled down and cured continuously at 25 �C.
The compressive strength was tested at the age of 7 days. The re-
ported results were the averages of five samples. Table 2 shows
the curing conditions. Curing at 65 �C for 24 h (system 1) was the
control.

2.4. XRD, SEM and degree of reaction

Geopolymer paste was prepared for the testing of XRD, SEM and
degree of reaction. 90-Wmicrowave radiation for 5 min in addition
to the conventional heat curing at 65 �C for 3, 6 and 12 h was used.
XRD and SEM analyses were performed on the hardened samples.
In addition, degree of reaction was determined both on geopoly-
mer paste and fly ash by identification of unreacted fly ash in spec-
imen using the dissolution of the powdery sample in 2 M HCl and
5 wt% Na2CO3 [12–14]. The hardened geopolymer pastes were
ground to obtain particles that passed a 150-lm sieve. A 100-mL
beaker filled with powdered samples (5 g) and 2 M HCl (30 mL)
was placed in a 60 �C water bath and stirred for 20 min to acceler-
ate the dissolution. Solid phase was then filtered using a vacuum
filter. The remaining solid was washed with warm water thrice
to completely remove HCl. Acetone was applied in the last filtra-
tion to remove water before drying at 70 �C for 2 h. Degree of reac-
tion was calculated using Eq. (1). The degree of reaction of the fly
ash particles was also determined and assigned as ‘‘blank.’’ All
the results were subtracted with blank to obtain the corrected de-
gree of reaction. The reported results were the averages of three
samples.

Degree of reaction ¼ msample �mresidue

msample
� 100 ð1Þ

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

3. Results and discussion

3.1. Temperature profile of microwave curing

The temperature profiles of the 50-mm cube geopolymer mor-
tar are reported in Fig. 1. Application of 90- and 180-W microwave
power levels generated high temperature in the specimen in a
short period of time. At 5 min microwave radiation, 90- and 180-
W gave slightly different temperatures. For 10-min microwave
radiation, the temperature difference was noticeable. Increase in
the microwave radiation time led to high temperature, however,
longer radiation time and increase in wattage resulted in rapid
evaporation, high heat evolution and sequential cracks on the sur-
face of specimens owing to the energy beyond the requirement for
water removal in materials [15]. For this reason, 90-W microwave
radiation for 5 min was selected for further study.

3.2. Effect of microwave and conventional curing on the compressive
strength

To study the effect of curing conditions on the properties of geo-
polymer mortars, the compressive strength was primarily focused
in this section. Table 3 presents the strengths of the specimens

Table 1
Properties of fly ash.

Chemical composition (wt%) SiO2 39.2
Al2O3 19.7
CaO 16.9
Fe3O4 12.1
SO3 2.8
Others 9.3

Median particle size (lm) 19.0

Table 2
Curing conditions of geopolymer.

System Curing conditions Note

1 65 �C oven curing for 1, 3, 6, 12 and 24 h 65 �C oven curing
2 65 �C oven curing for 1, 3, 6, 12 and 24 h? 90 W MW curing for 3 min 65 �C oven curing before MW radiation
3 90 W MW curing for 3 min MW radiation only
4 90 W MW curing for 5 min MW radiation only
5 90 W MW curing for 10 min MW radiation only
6 90 W MW curing for 3 min? 65 �C oven curing for 1, 3, 6, 12 and 24 h MW radiation before 65 �C oven curing
7 90 W MW curing for 5 min? 65 �C oven curing for 1, 3, 6 and 12 h MW radiation before 65 �C oven curing
8 90 W MW curing for 10 min? 65 �C oven curing for 1, 3, 6 and 12 h MW radiation before 65 �C oven curing
9 25 �C curing for 7 and 28 days (room temp., RT) No heat curing

704 P. Chindaprasirt et al. / Advanced Powder Technology 24 (2013) 703–707



cured with microwave radiation, heat curing and room tempera-
ture curing. Curing at 65 �C for 24 h (system 1) was the control
and the strength result of this condition was compared to the oth-
ers. The control had the compressive strength of 32.7 MPa. The
strength of system 2 with the same heat curing time was similar
at 32.4 MPa. From this result, it could be noted that the additional
microwave radiation after the normal heat curing did not improve
the strength of geopolymer. This was due to the complete geopoly-
merization after the optimum duration of heat curing. With no
heat curing or room temperature curing (system 9), the specimens
gained the strength with age and the strengths at 7 and 28 days
were 20.0 and 35.8 MPa respectively. Without heat curing, the
strength development of the fly ash geopolymer mortar was extre-
mely slow. The heat curing contributed to the strength of geopoly-
mer at the early age. However, the use of only microwave
radiations for 3–10 min (systems 3–5) gave the samples with
strength up to 28–50% of the control strength.

The use of microwave radiation followed by conventional heat
curing provided the high strength gain of geopolymer as shown
in systems 6–8. The optimum time of microwave radiation short-

ened the required time of conventional heat curing. For 3 min of
90-W radiation, the additional heating of 12 h slightly increased
the strength of the geopolymer mortar to 29.0 MPa compared to
21.2 MPa of that with 6-h heat curing alone. To obtain the strength
of over 32.7 MPa (control), the additional heat curing time of 24 h
was still required owing to the low accelerated temperature of the
microwave radiation (3 min of 90-W).

However, for the microwave radiation of 5–10 min, only 6-h
additional heat curing was needed to obtain the strength equiva-
lent to the control. Extension of radiation time to more than
10 min could increase the accelerated temperature beyond 65 �C
and risked getting close to the boiling temperature of water. This
resulted in rapid water evaporation, high pressure and subsequent
cracks in sample.

The results of bulk densities of the geopolymer mortar (systems
6–8) are presented in Fig. 2. The microwave radiation enhanced the
densification compared with those entirely cured with conven-
tional heat curing. This result implied that the microwave radiation
overcame the activation energy of geopolymerization. The micro-
wave effect, in the presence of an external electric field, resulted
in the densification of the matrices. In contrast to the conventional
heating, the preferential interaction of the microwaves gave lower
porosity leading to the accelerated densification [16]. High com-
pressive strengths of the samples were, thus, achieved.

3.3. XRD patterns of microwave radiation cured geopolymers

Fig. 3 shows the X-ray diffraction (XRD) patterns of geopolymer
pastes under microwave radiation followed by the conventional
heat curing for 3, 6 and 12 h. The results of original fly ash and
the 24-h heat cured sample (control) are also presented. Numerous
peaks of crystalline quartz (SiO2), calcium sulfate (CaSO4) and cal-
cium oxide (CaO) of this high calcium fly ash were identified. In
addition, the XRD pattern of fly ash showed many sharp peaks ow-
ing to the crystalline phases in the sample.

For geopolymer pastes, the product was semi-crystalline with a
high amount of amorphous gel as indicated by the broad hump and
some sharp peaks of crystallinity. The broad hump of these pastes
appeared at 22–38�, indicating the highly disorder silicate glass
phase in geopolymer [17]. The calcium silicate compounds from
the reaction between high calcium fly ash, silica and silicate solu-
tion were also detected. In addition, samples with microwave radi-
ation exhibited the sharp peaks of crystalline phases with high
degree of amorphous phase of the semi-crystalline geopolymer.
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Fig. 1. Temperature profile of geopolymer mortar.

Table 3
Compressive strengths of geopolymer mortars at various curing conditions.

System Curing
conditions

Compressive strength (MPa)

Additional curing time in 65 �C
oven

RT

1 h 3 h 6 h 12 h 24 h 7 d 28 d

1 65 �C 13.0 15.7 22.2 21.2 32.7a

2 65 �C? 90 W
(3 min)

9.9 16.6 25.2 23.9 32.4

3 90 W (3 min) 9.4
4 90 W (5 min) 16.2
5 90 W (10 min) 17.4
6 90 W

(3 min)? 65 �C
12.9 17.4 21.2 29.0 33.8 –

7 90 W
(5 min)? 65 �C

21.9 29.2 35.5 42.5

8 90 W
(10 min)? 65 �C

20.0 27.4 34.6 41.4

9 25 �C (RT) 20.0 35.8

Bolditalic values = strengths equal to or higher than that of the control.
a Comparative strength (control).
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Fig. 2. Bulk density of geopolymer mortars with 90W microwave radiation for
5 min.
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Quartz and alumino-silicate compounds had an effect on both the
physical and mechanical properties of the geopolymer. The pres-
ence of some of these crystalline products in geopolymer resulted
in an increase in the compressive strength [18].

In addition, the dissolution of SiO2 and Al2O3, especially from
the glassy phase, was enhanced by the partial microwave radiation

at the early stage of reaction [19]. Therefore, microwave radiation
promoted the dissolution of Si and Al species from fly ash owing to
the rapid heating up of an aqueous solution. Furthermore, the
active water with hydrogen bond breaking under microwave
radiation could independently attack Si–O and Al–O bonds leading
to the enhancement of the dissolution of glassy phase of fly ash
particles [19].

3.4. Microstructural study

Fig. 4 exhibits the SEM images of the geopolymer with partial
microwave radiation (Fig. 4a–c) and the control sample with the
heat curing for 24 h (Fig. 4d). The unreacted spherical fly ash, par-
tially reacted grains of fly ash particles, and a continuous mass of
geopolymer products were recognized. Gel formation on fly ash
particles showed the dissolution of glassy phase in the alkaline
solution. With microwave radiation as shown in Fig. 4a–c, a large
number of gels was formed on the fly ash particles owing to the
promoted dissolution of Si and Al species from fly ash with
microwave radiation [19]. It was found that the prolonged radia-
tion significantly retarded the nucleation of alumino-silicate gel
[11,19]. Prolonged microwave radiation was thus not recom-
mended. Increase in additional heat curing provided more reaction
products on the fly ash particles. For the control sample, the par-
tially reacted grains of fly ash particles were also observed. The
gradual dissolution of the glassy phase of fly ash particles resulted
in the normal formation of gel. The early-stage microwave radia-
tion followed by the conventional heating effectively contributed
to the geopolymerization of fly ash. Cracks and occupied fly ash
pores were also found in the continuous mass of geopolymer prod-
ucts. Cracks were due to the moisture removal during heat curing.

The mechanism of microwave radiation in geopolymer curing
could be explained as follows. Microwave radiation prior to con-
ventional heat curing affected the strength gain of geopolymer.
Early-stage of microwave radiation contributed to the gel forma-
tion of geopolymer. Applying the microwave to fresh sample pro-
moted the dissolution of Si and Al species from fly ash owing to
the rapid heating up of the aqueous solution. It stimulated the
breaking of hydrogen bonds in water molecules. Gel formation
on fly ash particles, as observed by SEM analysis, showed the
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2Theta (deg)
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  Calcium silicate
  Alumino silicate

Fig. 3. XRD patterns of geopolymer pastes with microwave radiation and additional
65 �C heat curing.

Fig. 4. Microstructure of geopolymer pastes with microwave radiation and additional 65 �C heat curing; (a) 3 h, (b) 6 h, (c) 12 h, and (d) Control.
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dissolution of glassy phase in the alkaline solution. Higher densifi-
cation of matrices compared with those cured in the electric oven
could be obtained. Additional heat curing provided the additional
reaction products. Therefore, the early-stage microwave radiation
followed by the conventional heating effectively enhanced the geo-
polymerization. The main advantages are the reduction in curing
time and energy and hence the associated reduced cost.

3.5. Degree of reaction

The degrees of reaction of geopolymer pastes with microwave
radiation are presented in Fig. 5. With partial microwave radiation
and heat curing for 3, 6, and 12 h, the degrees of reaction were
11.9%, 13.9% and 17.9%, respectively compared to 18.6% degree of
reaction of the control. The control with entire 24-h heat curing
had similar degree of reaction to that with microwave radiation
and 12-h conventional curing. The results suggested that the time
for normal curing could be reduced by half using the radiation. The
results conformed to the results of the SEM and the strengths.

4. Conclusions

Microwave radiation effectively enhanced the geopolymeriza-
tion and compressive strength of fly ah geopolymer. The micro-
wave radiation followed by conventional heat curing reduced the
heat curing time and energy. The 90-W microwave radiation for
5 min followed by 6-h at 65 �C additional heat curing produced
geopolymer mortar with strength comparable to that of the control
(24-h at 65 �C). The microwave radiation resulted in the densifica-
tion of the matrices and increase in the bulk density of the samples.
The mechanism of strength enhancement could be explained as
follows.

1. Early-stage of microwave radiation promoted the dissolution of
Si and Al species and enhanced the gel formation of geopolymer
and stimulated the breaking of hydrogen bonds in water
molecules.

2. Gel formation on fly ash particles resulted in higher densifica-
tion of matrices.

3. The additional conventional heat curing provided the additional
formation of reaction products.

Therefore, the early-stage microwave radiation followed by the
conventional heating effectively contributed to the geopolymeriza-
tion of fly ash geopolymer.
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Abstract In this paper, 90-W microwave radiation

for 5 min plus a shortened heat curing period was

applied to cure the fresh geopolymer paste. Results

showed that microwave radiation contributed to the

dissolution of fly ash in the alkaline solution. Numer-

ous gel formations were observed in microscopic

scale. This resulted in a dense composite and strong

bonding between the fly ash and the geopolymer

matrix leading to high strength gain compared to those

of the control pastes cured at 65 �C for 24 h. In

addition, resistances to the sulfuric acid and sulfate

attacks of the microwave geopolymer were superior to

that of the control as indicated by the relatively low

strength loss. The microwave radiation also helped the

geopolymer attaining thermal stability as the dense

matrices were obtained.

Keywords Geopolymer � Microwave � Radiation �
Fly ash � Durability

1 Introduction

Recently, fly ash geopolymer is becoming a well

known binding material. The pulverized combustion

coal (PCC) fly ash contains both the amorphous and

semi-crystalline silica and alumina. In an alkaline

solution, they can be effectively converted to alumino-

silicate material or geopolymer [1–4]. Fly ash com-

poses of crystalline phases such as quartz and mullite

in the interior and a glassy phase of silica and alumina

at the surface layer [5]. This glassy phase plays an

important role in geopolymer formation due to the

high solubility in the alkaline solution. Room temper-

ature (RT) curing can be employed, however the

strength development is slow and prolonged curing is

normally required to obtain reasonable strength [6].

Owing to the endothermic reaction of fly ash geo-

polymer, the heat curing of 60–90 �C for 24–48 h is

usually employed in order to obtain the high early

strength with good physical and mechanical properties

[6–8]. However, the heat curing for 24–48 h is the

major set back of the synthesis of the fly ash

geopolymer.

Heat curing has been applied in concrete, especially

for the precast concrete, to improve the strength in

short curing time [9]. At present, a microwave

radiation technique is utilized in the synthesis of

zeolite and in the curing of concrete resulting in the

shortening of heating process [9–11]. Microwave

energy is directly transferred through the material

and allows a fast and uniform heating due to the
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interaction between the microwave electric fields and

the polar molecules. Removal of water in the fresh

concrete, collapse of capillary pore and densification

of sample are achieved with microwave application [9,

10]. Improved microstructure can be obtained at an

early age. Short-time curing process is preferred to

reduce the energy consumption.

This paper presents the effect of microwave

radiation on the strength and resistance to acid and

sulfate solutions of fly ash geopolymer. In addition to

the convention heat, microwave radiation was applied

to accelerate the geopolymer formation. This method

could shorten the curing time and provide a strong and

durable geopolymer.

2 Experimental program

2.1 Materials and specimen preparation

Lignite coal fly ash from the pulverized coal combus-

tion process (1200 �C) of an electric power plant in

northern Thailand was used as raw material. The oxide

compositions and particle size of this fly ash are

tabulated in Table 1. The majority of fly ash compo-

sitions composed of Al2O3, SiO2, CaO and magnetite

(Fe3O4). 10 M sodium hydroxide (NaOH) solution

was prepared by dissolving NaOH pellets in the

distilled water [3]. Sodium silicate solution (Na2SiO3)

with SiO2-to-Na2O weight ratio of 3.2 was also used.

For mortar specimens for strength test, the graded river

sand with fineness modulus of 2.8 and specific gravity

of 2.65 was employed.

The geopolymer was prepared by mixing fly ash

with the 10 M NaOH and Na2SiO3 solutions in a pan

mixer. The mass ratio of Na2SiO3/10 M NaOH of 1.5

was used based on the previous research [3, 8]. The

mass fraction of fly ash in the mixture was controlled

at 0.65 (65 parts of fly ash and 35 parts of mixing

solution). The paste was continuously mixed for 5 min

and then cast into 50 mm cubic acrylic mould. The

specimens were vibrated for 10 s to remove the air

bubbles and then covered with cling film to avoid the

moisture evaporation during the heat curing.

In the case of geopolymer mortar, sand was added

to the paste mixture with the sand-to-fly ash mass ratio

of 1.5 and mixed for another 2 min. The procedures

for casting, vibration and curing of specimens were the

same as those of paste. Compressive strength test was

performed on the geopolymer mortars at the age of

7 days. The reported results were the average of five

samples.

2.2 Microwave and conventional heat curing

In this study, microwave energy was generated by the

household microwave oven with frequency of

2.45 GHz. In addition, the conventional oven was

employed. From preliminary test, it was found that

90 W microwave power level applied to the geopoly-

mer pastes for 5 min increased the specimen temper-

ature to 60–65 �C. Higher watts and longer time

microwave radiation resulted in high temperature,

rapid evaporation, and crack formation on the surfaces

of specimens. The specimens were then applied with

the convention heat curing at 65 �C for 3, 6 and 12 h.

These conditions were selected to compare with the

control specimens with heat curing at 65 �C for 24 h.

After heat curing, specimens were cooled down and

cured in a controlled room at 25 �C.

2.3 XRD, SEM, TGA and durability test (acid

and salt resistances)

Geopolymer paste was prepared for the testing of

X-ray diffraction (XRD), scanning electron micros-

copy (SEM) and thermogravimetry (TGA) analyses.

The specimens were broken into small sizes for XRD,

SEM and TGA analyses. For the SEM analysis, small

sample pieces were gold coated for the investigation

of the microstructure. For the durability test; after

7 days of curing, the geopolymer mortars were then

Table 1 Properties of fly ash

Chemical composition (wt%)

SiO2 39.2

Al2O3 19.7

CaO 16.9

Fe3O4 12.1

SO3 2.9

K2O 2.8

MgO 1.7

Na2O 1.7

Others 1.9

Loss on ignition (%) 1.1

Median particle size (lm) 19.0

Materials and Structures



immersed in 3%volH2SO4 and 5%wtMgSO4 solutions.

After immersion of 90 and 180 days, the strength tests

were performed. Acid and sulfate resistances were

expressed in the terms of strength loss. The reported

results were the average of five samples.

3 Results and discussion

3.1 Compressive strength

The compressive strengths of geopolymer with 90-W

microwave radiation and heat curing compared to

those of normal heat curing and RT curing are shown

in Table 2.

The control geopolymer was the mix with 65 �C
curing for 24 h (system 1) and had the compressive

strength of 32.7 MPa. The strength of system 1 was

comparable to 35.8 MPa of the mix cured at RT

(25 �C) for 28 days (system 3). Therefore, heat curing

was preferable in terms of short curing time. System 2

was the mix with 90 Wmicrowave radiation for 5 min

incorporated with the conventional heat curing. The

system 2 with 6 h heat curing produced the compres-

sive strength of 35.5 MPa which was slightly higher

than that of the control. The microwave radiation

shortened the required time of heat curing and

enhanced the strength development of the geopolymer

paste. The presence of an electric field in microwave

resulted in a lower porosity and the densification of the

matrices [11].

3.2 Durability

The durability of geopolymer was presented in term of

the strength after immersion for 3 and 6 months in the

3%volH2SO4 (pH = 0.85) and 5%wtMgSO4 (pH =

9.85) compared with the control as shown in Figs. 1

and 2. H2SO4 acid is a strong acid and readily attacks

calcium compound and other calcareous materials in

Table 2 Compressive

strengths of geopolymer

mortars at various curing

conditions

a Control strength

Sys. Curing conditions Compressive strength (MPa)

Curing time in oven at 65 �C 25 �C (RT)

3 h 6 h 12 h 24 h 7 days 28 days

1 65 �C 32.7a

2 90 W (5 min) ? 65 �C 29.2 35.5 42.5

3 25 �C (RT) 20.0 35.8
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concrete. Owing to the microwave radiation, a dense

matrix was achieved leading to a low leaching of

calcium compounds by acid and a low strength loss. In

the presence of moisture, the compressive strength of

geopolymer developed with time due to additional

pozzolanic reaction of high calcium fly ash. The

compressive strengths after immersion in the H2SO4

for 3 months were all higher than that of the control.

However, the strengths significantly decreased after

6 months immersion in the acid.

The reactions of geopolymer paste in H2SO4

solution consisted of the reaction between Ca(OH)2
and H2SO4, and resulted in CaSO4 which was easily

leached out from the matrix (Eq. 1). The use of high

calcium fly ash led to Ca(OH)2 formation within

geopolymer matrix and was identified from the XRD

pattern. Internal CaSO4 further reacted with alumin-

ium compound in the fly ash leading to the formation

of calcium sulfoaluminate or ettringite (Eq. 2). This

ettringite caused the expansion, cracking and a loss of

strength in the geopolymer. In addition, the calcium

silicate hydrate (CSH) also reacted with H2SO4 and

formed calcium sulfate and amorphous silica gel [12]

which were easily destroyed by external physical

forces (Eq. 3). These compounds and products were

presented as indicated by the results of the XRD

patterns.

Ca OHð Þ2 sð Þ þ H2SO4 aqð Þ ! CaSO4 � 2H2O sð Þ
ð1Þ

3CaO sð Þ þ Al2O3 sð Þ þ 3CaSO4 sð Þ þ 32H2O lð Þ
! Ca6Al2 SO4ð Þ3 OHð Þ12�26H2O sð Þ

ð2Þ
3CaO � SiO2 sð Þ þ 3H2SO4 aqð Þ þ 3H2O lð Þ

! 3CaSO4 � 2H2O sð Þ þ SiO2 sð Þ ð3Þ
The alumino-silicate network in geopolymer could

also be attacked by hydrogen ions (H?) from H2SO4

acid ionization. H? ruptured the alumino-silicate

network at aluminium sites (–Al–O–Si–O–) and

yielded silicic acid (Si(OH)4) and aluminium ions

(Al3?) [13]. The breaking of oxy-aluminium bridge

(–Al���O–Si–O) rendered the geopolymer paste

susceptible to acid attack.

After immersion in the MgSO4 solution, the com-

pressive strengths of all geopolymer mortars were

lower than those immersed in the H2SO4 solution for

the same period. For the 6-month immersion in the

MgSO4 solution, only the samples with microwave

radiation and 6-h heat curing gave the strength higher

than that of the control. White substance on the surface

of the samples was observed. The XRD pattern of this

white substance is presented in Fig. 3 and indicated the

presence of the magnesium hydroxide (Mg(OH)2),

silica (SiO2), calciummagnesium silicate (Ca–Mg–Si–

O) and magnesium silicate (Mg–Si–O) compounds.

The reaction between Mg2? ion, sulfate ion and

hydroxyl ion (OH-) from Ca(OH)2 and NaOH in

geopolymer matrix yielded the Mg(OH)2 and calcium

sulfate in the form of gypsum (CaSO4�2H2O) as

presented in Eq. 4 [12]. Mg(OH)2 and gypsum are

insoluble compound leading to the deposition on the

material surface.

Mg2þ aqð Þ þ SO2�
4 aqð Þ þ Ca OHð Þ2 sð Þ þ H2O lð Þ

! Mg OHð Þ2 sð Þ þ CaSO4 � 2H2O sð Þ
ð4Þ

In addition, decomposition of CSH phase also took

place and resulted in the formation of amorphous

hydrous silica (SiO2) as shown in Eq. 5 [12].

10 20 30 40 50

2Theta (deg)

= CaSO4

= SiO2

= Mg-Si-O 
= Mg(OH)2

= Ca-Mg-Si-O 

Fig. 3 XRD pattern of white substance after immersion in

MgSO4 solution
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3Mg2þ aqð Þ þ 3SO2�
4 aqð Þ þ 3CaO � SiO2 sð Þ

þ 9H2O lð Þ ! 3Mg OHð Þ2 sð Þ
þ 3 CaSO4 � 2H2O½ � sð Þ þ SiO2 sð Þ ð5Þ
The degradation of CSH phase in the present of

MgSO4 is significant faster and more thorough than

that with other sulfate compounds. This was due to the

low pH (*10.5) of saturated solution, which is too

low to maintain the stability of CSH [12].

Concurrently, additional amount of gypsum,

Mg(OH)2 and magnesium silicate hydrate were also

formed as shown in Eq. 6. The hydrated magnesium

silicate possessed no binding capacity [12, 14]. The

immersion in MgSO4 solution, therefore, resulted in

the deterioration of materials and lowered the com-

pressive strength.

6Mg2þ aqð Þ þ 6SO2�
4 aqð Þ þ 2½3CaO � SiO2� sð Þ

þ 17H2O lð Þ ! 3MgO � 2SiO2 � 2H2O sð Þ
þ 6 CaSO4 � 2H2O½ � sð Þ þ 3Mg OHð Þ2 sð Þ ð6Þ
In addition, sulfate ions (SO4

2-) from MgSO4

solution were strongly absorbed on surface of alumi-

nosilicate owing to the strong interaction between

SO4
2- ions and aluminol edge site (Al–OH) on the

surface of solid [15]. The SO4
2- replaced –OH edge

group, which was attached to Al ion leading to a high

void ratio [15]. This replacement corresponded to the

increased pores observed on geopolymer surface, and

also affected the compressive strength of geopolymer.

3.3 Effect of microwave radiation

on the geopolymer properties

XRD patterns of geopolymer pastes and fly ash are

presented inFig. 4. Therewerenumerous sharp peaks of

crystalline quartz (SiO2), alumina (Al2O3), calcium

sulfate (CaSO4) and calcium oxide (CaO) identified in

this fly ash. The crystalline phases appeared mainly in

the core, whereas a glassy phase occupies the fly ash

surface [5]. This glassy phase could be dissolved in

alkaline solution forming geopolymer gel over the fly

ash particles [3, 7]. In case of geopolymer pastes, the

semi-crystalline gel was detected as indicated by both

broad hump and some sharp peaks.The 22–38� 2hbroad
hump of these pastes indicated the highly disorder glass

phase in geopolymer [16]. In addition, new compounds

of alumino-silicate (Al–Si–O) and calcium silicate (Ca–

Si–O) were also detected. The Ca–Si–O was the same

product of the hydration of Portland cement. This was

produced by the reaction between high calcium fly ash

and NaOH/sodium silicate solutions. The crystalline

quartz remained in the geopolymer paste owing to its

low reactivity comparedwith the glassy phase on the fly

ash particles [5].

Moreover, the samples with microwave radiation

exhibited the sharp peaks of crystalline phases and the

increase in height of hump peak compared with the

control confirming the semi-crystalline geopolymer.

The quartz, calcium- and alumino-silicate compounds

had significant effects on the physical properties of the

geopolymer. The presence of some of these crystalline

products in geopolymer also enhanced the compres-

sive strength [16].

Figure 5 shows the microstructure of the geopoly-

mer with microwave radiation and the control.

Partially reacted fly ash embedded in continuous mass

of geopolymer products was readily observed. The gel

formation on the fly ash surface confirmed the

dissolution of the glassy phase in the alkaline solution

and deposited on the fly ash surface [5]. Numerous gel

formations occurred with microwave radiation.

Microwave radiation promoted the dissolution of Si

10 20 30 40 50

2Theta (deg)

PCC-FA

Geo (90W+6h)

Geo (control)

= CaSO4

= CaO

= Fe3O4

= SiO2

= Al2O3

= Ca-Si-O
= Al-Si-O 

= Ca(OH)2

Fig. 4 Typical XRD patterns of geopolymer pastes and fly ash
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and Al species from the fly ash particles. In addition to

the microwave energy, the additional heat curing

contributed to more gel formation on the fly ash

particles. With only heat curing, the gradual dissolu-

tion of the glassy phase on fly ash surface took place

and led to less surface reaction compared with that

with radiation. Cracks from the moisture removal

during heat curing, voids and occupied fly ash pores

were also detected in the geopolymer matrices.

Microwave radiation enhanced the dissolution rate

at the early stage of geopolymerization compared with

the conventional heat curing. It resulted in the rapid

heating up of an aqueous alkaline solution by micro-

wave energy, and the glassy SiO2 and Al2O3 phases

were easily leached out. In addition, the hydrogen

bond between water molecules was broken under the

microwave radiation and resulted in single water

molecule. This molecule would consequently attack

the Si–O and Al–O bonds of fly ash [5].

Thermogravimetric analysis (TGA) and differential

thermogravimetry (DTG) were used to determine the

geopolymer’s thermal stability and its fraction of

volatile components by monitoring the weight change

during heating of specimen. Figure 6 shows the TGA/

DTG curves of fly ash and geopolymer pastes. Fly ash

lost the weight at approximately 100, 400 and 700 �C
owing to the evaporation of water, and decompositions

of magnesite (MgCO3) and calcium sulfate (CaSO4)

into CaO and SO3, respectively.

For microwave radiation, a dense and strong sample

was obtained as indicated by the low weight loss at

high temperature compared with that of the control.

Both the radiation and control geopolymers had a

considerable weight loss at high temperature. This is

probably due to the use of the alkaline solutions in the

geopolymer mixture [16]. The geopolymer was,

therefore, relatively stable at high temperature and

microwave radiation contributed to the dimensional

stability of the geopolymer.

4 Conclusions

Microwave radiation and additional heat curing of

geopolymer contributed to the dissolution of the

Fig. 5 Microstructure of geopolymer pastes
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glassy phase on fly ash surface in alkaline solution.

The microwave radiation shortened the required time

of heat curing and enhanced the geopolymerization. A

dense sample was achieved leading to a low strength

loss under the acid and sulfate attacks compared with

that of the control. However, gypsum,Mg(OH)2, SiO2,

and magnesium silicate hydrate were formed and

deposited onto the geopolymer surface during sulfate

immersion. This caused the deterioration of materials

and reflected in compressive strength loss. Numerous

gel formations occurred with microwave radiation due

to the promoted dissolution of Si and Al species from

the fly ash surface. The geopolymer with microwave

radiation possessed a dense sample with strong

bonding leading to the dimensional stability of

geopolymer.
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Abstract: Cellular lightweight concrete (CLC) with the controlled density of approximately 800 kg/m3 was made from

a preformed foam, Type-I Portland cement (OPC), fly ash (FA), or natural zeolite (NZ), and its compressive strength,

setting time, water absorption, and microstructure of were tested. High-calcium FA and NZ with the median particle sizes

of 14.52 and 7.72 μm, respectively, were used to partially replace OPC at 0, 10wt%, 20wt%, and 30wt% of the binder (OPC

and pozzolan admixture). A water-to-binder mass ratio (W/B) of 0.5 was used for all mixes. The testing results indicated

that CLC containing 10wt% NZ had the highest compressive strength. The replacement of OPC with NZ decreased the

total porosity and air void size but increased the capillary porosity of the CLC. The incorporation of a suitable amount

of NZ decreased the setting time, total porosity, and pore size of the paste compared with the findings with the same

amount of FA. The total porosity and cumulative pore volume decreased, whereas the gel and capillary pores increased

as a result of adding both pozzolans at all replacement levels. The water absorption increased as the capillary porosity

increased; this effect depended on the volume of air entrained and the type or amount of pozzolan.

Keywords: lightweight concrete; fly ash; zeolites; compressive strength; microstructure; water absorption

1. Introduction

Lightweight concrete has been widely used in wall pan-

els, masonry blocks, roof decks, and precast concrete units

in many building applications. There are many advan-

tageous qualities of lightweight concrete, such as its low

density, low thermal conductivity, reduction of dead load,

fast building rate, and low haulage cost [1]. The air voids

needed to produce lightweight concrete can be obtained

using expanded lightweight aggregate materials, such as

perlite, blast furnace slag, volcanic ash, and coal bottom

ash. The air voids can also be formed in cement paste

by adding the prepared foam to the unhardened mixture.

Cellular lightweight concrete (CLC) is a well-known low-

density product that contains blends of Portland cement,

silica, pozzolan, and lime as well as a homogeneous void or

cellular structure attained with gas-forming chemicals or

foaming agents. Autoclave curing is usually employed for

CLC that contains binder ingredients other than, or in ad-

dition to, Portland cement [2]. Density control is achieved

by substituting macroscopic air cells for all or part of the

fine aggregate. Normal-weight coarse aggregates are not

usually used, but lightweight aggregates, both fine and

coarse, are often found in CLC [3]. After molding, the

concrete hardens under normal atmospheric conditions [4].

Since CLC is a porous material with a homogeneous

cellular structure, it possesses a number of attractive char-

acteristics, such as good thermal and acoustic insulation,

satisfactory workability, and self-flowing properties. Its

good thermal and acoustic performance makes it a nat-

ural choice as a building construction material. Although
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c© University of Science and Technology Beijing and Springer-Verlag Berlin Heidelberg 2013
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its mechanical properties are low compared with those of

normal concrete, CLC products are used in many appli-

cations, such as partition walls and load-bearing walls in

low-rise residential buildings [5−6].

Fly ash (FA) is a by-product from the combustion of

pulverized coal in power plants. More than 3.5 million

tons of coal fly ash is produced in Thailand annually. Us-

ing FA as a replacement ingredient in cement is currently

a common practice in Thailand because FA improves the

properties of concrete and reduces its cost. The high con-

tent of amorphous silica, alumina (which comprises more

than 70wt%), and fine spherical particles (15 μm in diam-

eter on average) in FA are the primary reasons for its high

pozzolanic index. Many researchers have already examined

the influence of FA on the properties of concrete, such as

compressive strength, sulfate resistance, and durability [7].

Natural zeolite (NZ), a volcanic or volcanogenic sedi-

ment material, has a three-dimensional structure, and it

is classified as a hydrated aluminosilicate of alkali and

alkaline earth cations with uniform pores, grooves, and

pits. NZs possess special properties, such as ion exchange,

molecular sieves, large surface areas, and catalytic activ-

ity, which make this material preferable for large-scale in-

dustrial applications[1]. Approximately 40 NZs have been

identified over the last 200 years. The most common

NZs are analcime, chabazite, clinoptilolite, mordenite, and

phillipsite. Based on the recorded production and produc-

tion estimates, the worldwide production of NZ is approx-

imately 3-4 million tons per year[1].

The current research presents the test results and eval-

uations of incorporating FA and NZ into preformed foam

CLC as a replacement for Portland cement. This informa-

tion is essential for its wider application to other construc-

tion materials.

2. Experimental

2.1. Materials

Type-I Portland cement (OPC), foaming agent, water,

FA, and NZ were the materials used. The specific gravities

of OPC, FA, and NZ were measured in accordance with

ASTM C 188-95(2003) [8], and their particle sizes were

measured using laser particle size analysis. These data

are provided in Table 1. A scanning electron microscopy

(SEM) photo of an OPC particle is shown in Fig. 1(a). FA

was obtained from a silo at the Mae Moh Power Plant

in northern Thailand. Its SEM photo, which is shown in

Fig. 1(b), reveals the spherical shape of the particles. NZ

was a clinoptilolite ((Na,K,Ca)6(Si,Al)36O72·20H2O). An

SEM photo of NZ, which is shown in Fig. 1(c), demon-

strates its irregular and crushed-shape particles. Other re-

searchers have also reported similar observations [9]. The

chemical compositions of these three materials are listed

in Table 2. The foaming agent was synthetic. Fig. 2 shows

the particle size distributions obtained using the Malvern

Mastersizer Instrument. The particle size of FA is similar

to that of cement, whereas that of NZ is smaller.

Table 1. Physical properties of the material

Sample Specific gravity
Median particle

size, d50 / μm

Blaine fineness /

(cm2·g−1)

OPC 3.15 14.12 3600

FA 2.02 14.52 4300

NZ 2.09 7.72 11300

Fig. 1. SEM images of OPC (a), FA (b), and NZ (c).

Table 2. Chemical compositions of OPC, FA, and NZ wt%

Ingredient SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI SiO2 + Al2O3 + Fe2O3

OPC 19.85 4.49 3.56 66.96 1.36 — 0.34 2.46 0.98 —

FA 43.87 26.33 10.81 12.69 1.23 — 1.10 2.74 1.23 81.01

NZ 75.32 10.28 2.66 3.95 1.20 0.89 4.29 — 1.41 88.26

Note: LOI—loss on ignition.
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Fig. 2. Material particle size distribution.

2.2. Mix proportions

This experiment studied the effect of the filler con-

tents on the density, setting time, water absorption, and

compressive strength of CLC. The OPC was replaced with

FA and NZ at levels of 0-30wt%. The mixes were labeled

CON, FA10, FA20, FA30, NZ10, NZ20, and NZ30. For

example, FA10 denotes the mix with 10wt% FA, and CON

denotes the control mix (CLC with only OPC). The mass

ratio of water to binder (W/B) of 0.5 was used for all mix-

tures. The foam required for a CLC density of 800-850

kg/m3 was obtained per ASTM C 796-04[3]. The concrete

mix proportions are provided in Table 3.

Table 3. Mix proportion of CLC

Mix No. Symbol Pozzolan replacement /wt%

Mix proportion / (kg·m−3)

W/BBinder
Foaming agent Water

Cement FA NZ

1 CON 0 665.0 — — 0.772 332 0.5

2 FA10 10 598.5 66.5 — 0.759 332 0.5

3 FA20 20 532.0 133.0 — 0.746 332 0.5

4 FA30 30 465.5 199.5 — 0.733 332 0.5

5 NZ10 10 598.5 — 66.5 0.760 332 0.5

6 NZ20 20 532.0 — 133.0 0.748 332 0.5

7 NZ30 30 465.5 — 199.5 0.737 332 0.5

The foaming agent was diluted with water at a mass

ratio of 1:40. Next, the liquid was pressurized with air

at 6 kg/cm2 and aerated to a density of 45 kg/m3. OPC

and FA (or NZ) were thoroughly mixed using a horizon-

tal mixer. The foaming agent was added and mixed until

a uniform paste was obtained. This process usually re-

quired approximately 3 min. The samples were poured

into molds, and an external vibrator was applied to facili-

tate compaction. The CLCs were removed from the molds

after 24 h, wrapped with a plastic film and placed in a

moist room at (23±2)◦C. A set of 100 mm×100 mm×100

mm specimens was used for the strength and porosity tests.

2.3. Compressive strength test
A compressive strength test was conducted at 3, 14,

28, and 60 d in accordance with BS 1881-116 [10]. The

results are presented as the averages of three samples.

2.4. Concrete porosity determination
The pore-size measurements of the hardened CLC

were determined using mercury intrusion porosimetry

(MIP) with a pressure capacity of 228 MPa. The Wash-

burn equation was used to determine pressure [11]. After

curing for 3, 14, 28, and 60 d, the samples were obtained

by carefully breaking the cube specimens with a chisel.

The representative samples of 5 to 10-mm pieces, weigh-

ing between 2 and 3 g, were removed from the middle of

each specimen. To stop the hydration reaction, the sam-

ples were submerged directly into liquid nitrogen for 5 min

and vacuumed at a pressure of 0.5 Pa at –40◦C for 48 h.

This method has been previously used to stop the hydra-

tion reaction of cement paste [12-14]. A constant contact

angle of 140◦ and a constant mercury surface tension of

480×10−3J·m−2 were used to calculate the pore size.

2.5. X-ray diffraction (XRD)
Dried FA and NZ sample powders were sifted through

a No. 100 sieve (150 μm openings). A sample of powder

weighing approximately 1 g was used for XRD analysis.

The XRD scans were performed for 2θ between 10◦ and

65◦ with an increment of 0.02◦/step at a scan speed of

0.5 s/step. A quantitative XRD analysis determined the

amorphous FA and NZ phases using Bruker’s TOPAS soft-

ware.

3. Results and discussion

3.1. Material properties
The chemical compositions of OPC, FA, and NZ are

provided in Table 2. The main chemical component of FA

is SiO2, which accounts for 43.87wt% of its mass. As pre-

scribed by ASTM C 618-03 [15], this sample is a Class F fly

ash because the sum of SiO2, Al2O3, and Fe2O3 is higher

than 70wt%, and the LOI and SO3 content do not exceed

6% and 5wt%, respectively. NZ has a high SiO2 content

of 75.32wt% and an LOI of 1.41%. The total content of

SiO2, Al2O3, and Fe2O3 in the NZ is 88.26wt%, which is

more than the minimum requirement (70wt%) specified by
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ASTM C 618-03 [15] for natural pozzolans.

The XRD patterns of FA and NZ shown in Fig. 3 in-

dicate that the former powder consists primarily of crys-

talline phases of quartz; for NZ, the common zeolite min-

eral clinoptilolite is the major crystalline phase, and quartz

is contained as a minor phase. Uzal and Turanlι [9] re-

ported a similar result. A quantitative XRD analysis re-

veals that the contents of amorphous phases in FA and

NZ are 78.8wt% and 20.5wt%, respectively. Moreover, the

crystalline phase consists of 85wt% quartz and 15wt% mul-

lite for FA and 22wt% quartz and 78wt% clinoptilolite for

NZ.

Fig. 3. XRD patterns of FA and NZ.

3.2. Setting time
The initial and final setting times of CLCs containing

FA and NZ are presented in Fig. 4. It shows that the set-

ting times prolong as the content of FA or NZ increases.

The initial setting times of FA and NZ pastes increase from

5.2 to 14.45 h and from 5.2 to 12.15 h, respectively, whereas

the final setting times increase from 13.1 to 23.5 h and from

13.1 to 19.95 h, respectively. The increase of pozzolan con-

tent reduces the cement content in the mix. As a result, a

delay in the setting time of the cementitious system is due

primary to a lower proportion of cement in the blended

system. The setting times of the paste that contained NZ

are slightly shorter than those of the paste contained FA

because the former is a pozzolan with a Blaine fineness

of 11300 cm2/g, whereas the latter has a fineness of only

4300 cm2/g. The fine pozzolan with a high surface area

produces a greater pozzolanic reaction than the coarser

pozzolan [16-17].

Fig. 4. Effect of FA and NZ on the setting time of

CLC.

3.3. Compressive strength

Table 4 shows the compressive and relative strengths

of CON. The compressive strengths of the control mix at

3, 14, 28, and 60 d are 1.81, 2.70, 3.05, and 3.15 MPa, re-

spectively. The compressive strengths of the CLC increase

with increasing the curing time due to the hydration re-

action that increases the calcium silicate hydrate (C–S–H)

product [18]. At 3 d the compressive strength of CLC

containing 10wt% FA is slightly higher than that of the

control mix at the same time point. This result is due to

the proper amount of FA content, which affects the poz-

zolanic reaction rate and better dispersion and improves

the compressive strength of the paste [7, 19-20]. The com-

pressive strengths of CLC containing 20wt% or 30wt% FA

are lower than that of the control mix. This result is due

to the low OPC content that have been observed in other

research [21]. In addition, the compressive strengths of

FA30 at 14, 28, and 60 d are lower than those of the other

mixes due to the greater amount of FA. FA is a pozzolan,

and its pozzolanic reaction is slow compared with that of

OPC; thus, the rate of strength development is also slow

[19, 22].

Table 4. Compressive strength of CLCs containing OPC, FA, and NZ

Mix No. Symbol
Compressive strength /MPa Relative strength to CON/ %

3 d 14 d 28 d 60 d 3 d 14 d 28 d 60 d

1 CON 1.81 2.70 3.05 3.15 100 100 100 100

2 FA10 1.95 3.17 3.45 3.65 108 117 113 116

3 FA20 1.65 2.75 3.10 3.30 91 102 102 105

4 FA30 1.27 2.15 2.42 2.58 70 80 79 82

5 NZ10 2.19 3.72 4.27 4.51 121 138 140 143

6 NZ20 1.92 3.18 3.66 3.91 106 118 120 124

7 NZ30 0.85 1.56 2.05 2.25 47 58 67 71
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The compressive strengths of NZ30 at 3, 14, 28, and

60 d are 0.85, 1.56, 2.05, and 2.25 MPa, respectively. The

strengths are weaker than those of the OPC due to the

high NZ content and the slower pozzolanic reaction rate of

zeolite, which do not significantly contribute to compres-

sive strength [23]. The compressive strengths of NZ10 and

NZ20 at 3, 14, 28, and 60 d are 2.19, 3.72, 4.27, and 4.51,

and 1.92, 3.18, 3.66, and 3.91 MPa, respectively. These

strengths are higher than those of CON at the same time

point. The high SiO2 content (75.32wt%) and NZ fine-

ness (median particle size = 7.72 μm) improve the reaction

with Ca(OH)2 to produce an additional calcium silicate hy-

drate (C–S–H), which improves the compressive strength

[1, 24−25].

At the replacement levels of 10wt% and 20wt%, the

compressive strengths of CLC containing NZ are higher

than those of CLC containing FA, as shown in Table 4.

This finding is due to the high purity level (up to 90wt%)

of NZ and the high SiO2 content compared with those of

FA. According to Ref. [25], the 28-d strength of zeolite

concrete with a replacement level of 15wt% (the optimum)

is also 23wt% higher than that of the control mix. As a

result, the strength of hardened concrete is improved by

incorporating a proper amount of zeolite [1, 16, 19, 26-27].

The optimum replacement level of NZ or FA is 10wt%.

For a higher replacement level of 20wt%, the strengths of

CLC are slightly reduced compared with those at the opti-

mum replacement level of 10wt%; however, these strengths

are still higher than those of the control mix. Replacing

cement with FA or NZ affects the compressive strength

because the compressive strength significantly increases

with time but decreases with increasing the replacement

level. Three factors can explain the increased compressive

strength of CLC: hydration reaction, filler effect, and poz-

zolanic reaction. Hydration reaction is directly related to

the cement amount in the mix. The filler effect involves

the nucleation and packing effects, which depend on the

material fineness. The nucleation effect occurs when small

particles are dispersed into the cement paste and act as

nucleation sites that enhance cement hydration, whereas

the packing effect is the result of small particles that fill

the voids of the paste [28-30]. Therefore, CLC with poz-

zolans of high fineness results in a more homogeneous and

denser matrix, which increases the compressive strength of

the paste.

3.4. Water absorption
The results of CLC water absorption at 28 d are pre-

sented in Fig. 5. The water absorption of CON is 30.0wt%

at 28 d, whereas those of FA10, FA20, and FA30 are

30.6wt%, 32.5wt%, and 35.3wt%, respectively. The water

absorption of CLC containing FA increases as the FA con-

tent increases. Kunhanandan Nambiar and Ramamurthy

[31] reported similar results when they used Class F fly

ash to replace sand at the sand-to-FA ratio of 0-100wt% to

obtain foam concrete with the water absorption of 23wt%-

30wt%.

Fig. 5. Water absorption of CLC at 28 d.

The water absorptions of NZ10 and NZ20 are 26.3wt%

and 27.3wt%, respectively. These figures are lower than

those of CON. This finding is due to the amount of pore

bubbles from the foam, which is slightly reduced with the

addition of NZ. However, the water absorption of NZ30

is higher (38.8wt%). Other researchers have made simi-

lar observations regarding water absorption [25, 32]. This

finding is related to the porosity results: a small increase

in capillary pores in CLC hence causes a small increase of

water absorption.

Fig. 5 shows that the water absorption of CLC con-

taining NZ is more effective than CLC with FA at replace-

ment levels of 0-20wt%. The water absorption of CLC

containing 30wt% FA is slightly lower than that contain-

ing 30wt% NZ. It is observed that replacing cement with

pozzolan in CLC results in the increase of large capillary

pores. The result shows that large capillary pores of FA10

and FA20 are higher than those of NZ10, NZ20, and CON.

Therefore, an increase of large capillary pores in CLC could

influence their water absorption.

3.5. Microstructure of CLC
3.5.1. Porosity of CLC

The porosity results of all CLCs at 28 and 60 d are

presented in Table 5 and Fig. 6. The porosity system con-

sists of four types of pores: gel pores or small pores, less

than 10 nm; medium capillary pores, 10 to 50 nm; large

capillary pores, 50 to 10000 nm; and air void or extra large

pores, larger than 10000 nm. Large capillary pores and ex-

tra large pores are influential on strength and permeability

characteristics, whereas small pores and medium capillary

pores are influential on drying shrinkage and creep [33−34].

The total porosities of the control mix, FA10, FA20, and

FA30 at 28 d are 52.27%, 48.56%, 50.78%, and 59.32%,

respectively. Incorporating 10wt% and 20wt% FA results

in the CLCs with reduced total porosity. This result is due

to the gradual filling of large pores from factors, such as

the hydration reaction, the dispersing effect, the packing

effect, and the pozzolanic reaction of FA particles. Small
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and spherical FA particles fill air voids and decrease the

porosity [28, 30]. At 30wt% FA, the total porosity signifi-

cantly increases, primarily due to the packing effect of FA

particles filling the air bubbles, which increases the cap-

illary porosity of CLC. Note that the total porosity and

capillary porosity of the CLCs increase, whereas the com-

pressive strength and extra large pores decrease. Other in-

vestigations have reported similar findings [7]. The poros-

ity of CLC containing FA at 60 d has a similar trend to

that at 28 d.

Table 5. Porosity of CLCs containing OPC, FA, and NZ

Mix No. Symbol
Porosity at 28 d / % Porosity at 60 d / %

Small
Medium

capillary

Large

capillary

Extra

large
Total Small

Medium

capillary

Large

capillary

Extra

large
Total

1 CON 0.05 2.84 26.72 22.66 52.27 0.05 2.15 26.93 22.51 51.64

2 FA10 0.28 1.94 38.62 7.72 48.56 0.35 1.86 36.80 7.71 46.72

3 FA20 0.19 2.93 40.51 7.15 50.78 0.20 2.42 40.37 7.56 50.55

4 FA30 0.24 4.39 47.70 6.99 59.32 0.25 3.96 47.67 6.73 58.61

5 NZ10 0.20 4.29 33.88 4.69 43.06 0.21 3.77 31.72 4.55 40.25

6 NZ20 0.38 4.72 34.37 5.34 44.81 0.31 4.40 34.11 5.13 43.95

7 NZ30 0.30 9.26 50.60 9.55 69.71 0.31 7.90 50.49 9.13 67.83

Fig. 6. CLC porosity with admixtures FA (a) and NZ (b).

As shown in Fig. 6, the total porosity of CLCs con-

taining NZ10 and NZ20 are smaller than that of OPC con-

crete at all replacement levels and times. It is because NZ

is more effective at reducing pore size due to a better dis-

persing effect, packing effect, and pozzolanic reaction of

finer NZ particles. The small NZ particles fill the pores

and decrease the porosity [9, 27].

Compared with FA, high-fineness NZ has a faster poz-

zolanic reaction and a better filler effect at reducing the

voids of CLC. However, a considerable decrease in the to-

tal porosity of NZ10 occur 28 d later, primarily due to

the decrease in large capillary pores. This decrease might

be associated with the pore system becoming denser as a

result of the additional formation and growth of the poz-

zolanic reaction products [9, 27].

The 10wt% incorporation of pozzolanic materials de-

creases the total porosity due to the filling effect and pore

refinement. The total porosity of OPC concrete is 52.27%,

whereas those of FA10 and NZ10 are 48.56% and 43.06%,

respectively. The total porosity of NZ10 is reduced more

than that of FA10 due to its finer particles. The increase

in pozzolan content to 20% and 30% increases the total
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porosity. The reduced OPC content and hydration prod-

ucts offset the filling effect. The extra large pores of CLCs

containing pozzolans are reduced, whereas the small pores,

medium capillary pores, and large capillary pores increase.

The filling effect reduces extra large pores and increases

small pores, medium capillary pores, and large capillary

pores. All pores other than small pores increase signifi-

cantly for 30% pozzolans. Again, this result is due to the

reduced amounts of OPC and hydration products. Other

investigations also reported similar findings [7]. The pores

exhibit a similar trend at 60 d compared with that at 28 d.

As shown in Table 5 and Fig. 6, the incorporation of

higher CLC replacement levels of both FA and NZ results

in greater gel porosity compared with that of the control

mix at all times. CLC with NZ exhibits increased gel

porosity, which suggests that CLC with NZ is more ef-

fective than that with FA, and this is due to the better

dispersion, packing effect and pozzolanic reaction in the

blended cement paste. Other researchers have reported

similar results [7, 16].

3.5.2. Effects of FA and NZ on the pore size distribution

of CLC

The cumulative pore volumes of CLCs with FA and

NZ are shown in Figs. 7 and 8. The cumulative pore vol-

umes of the control mix at 28 and 60 d are 0.454 and

0.452 mL/g, respectively. These values decrease with cur-

ing time due to the hydration reactions and the increase

of the C–S–H product [14, 23].

Fig. 7. Relationship of cumulative pore volume and pore diameter of CLC containing FA: (a) 28 d; (b) 60 d.

Fig. 8. Relationship of cumulative pore volume and pore diameter of CLC containing NZ: (a) 28 d; (b) 60 d.

As shown in Fig. 7, the cumulative pore volumes of

CLC containing 10wt% FA are 0.311 mL/g at 28 d and

0.287 mL/g at 60 d. These figures are lower than those of

the control mix and CLC containing 20wt% or 30wt% FA.

As shown in Fig. 8, the cumulative pore volumes of CLC

containing 10wt% NZ are 0.303 mL/g at 28 d and 0.272

mL/g at 60 d. FA and NZ are effective pozzolans with

successful pozzolanic reactions. Incorporating a proper

amount of pozzolan fills voids, reduces porosity, and in-

creases the density of the paste [14, 16]. The SiO2 and

Al2O3 in pozzolanic materials react with Ca(OH)2 to pro-

duce C–S–H and C–A–H, which results in a reduction of

Ca(OH)2 content by pozzolanic reaction [23, 27]. The re-

sults also reveal that the cumulative pore volumes of con-

cretes containing NZ are smaller than those containing FA.

This finding suggests that NZ is slightly more effective than
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FA at reducing porosity.

3.5.3. SEM observations

The morphologies of the fractured surfaces of CLCs at

28 d are shown in Figs. 9 and 10. The pores of the control

mix are clearly shaded circles of various sizes with rela-

tively smooth surfaces. The pore sizes vary from less than

50 μm to 600 μm. Another researcher reported a similar

observation [32].

Fig. 9. SEM images of the fractured surfaces of CLCs containing FA at 28 d: (a) OPC; (b) FA10; (c) FA20; (d)

FA30.

Fig. 10. SEM images of the fractured surfaces of CLCs containing NZ at 28 d: (a) NZ10; (b) NZ20; (c) NZ30.

Figs. 9(b)-9(d) display the SEM images of CLCs con-

taining 10wt%, 20wt%, and 30wt% FA, respectively, which

have completely different microstructures from the control

mix (Fig. 9(a)). Clearly, the pores are more uniform than

those of the control mix because FA facilitates the dis-

tribution of air voids by preventing them from merging

and overlapping [35]. The pore sizes of these CLCs range

from less than 50 μm to 400 μm. In addition, the pore

size decreases as the FA replacement level increases [14].

Furthermore, some microcracks are detected at the pore

surfaces (Figs. 9(c) and 9(d)). Drying shrinkage and me-

chanical stresses that occurred during sample preparation

probably induce these features.

Figs. 10(a)-10(c) display the SEM images captured

from CLCs containing 10wt%, 20wt%, and 30wt% NZ,

respectively. Clearly, these pore sizes are slightly more

uniform than those of CLCs containing FA. The pore sizes

range from less than 50 μm to 300 μm. Fig. 10(a) shows

that there are several closed pores, which demonstrates

that CLC with 10wt% NZ have low water absorption [36].

In addition, the pore size decreases as the NZ replacement

level increases (Fig. 10(c)).

SEM observations reveal that the pores of CLCs con-

taining NZ are denser than those of CLCs containing FA

at the same replacement level (excluding the 30wt% re-

placement level) and control mix. This effect is due to

cement hydration and pozzolanic reactions [14, 26]. Nu-

merous large pores are observed with 30wt% pozzolan re-
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placement, which reflects the high total porosity and low

strength of these CLCs, due primarily to their low OPC

content and reduced hydration products.

4. Conclusions

CLCs with OPC partially replaced by FA or NZ with a

density of approximately 800 kg/m3 can be produced with

relatively good compressive strength. NZ is slightly more

reactive than FA and enhances the strength of CLC. The

optimum replacement level for both FA and NZ is 10wt%,

which, compared with CON, results in the 28-d compres-

sive strength increasing by 113% and 140%, respectively. A

replacement level of 20wt% results in decreased strength;

however, these CLCs are still stronger than the control

mix.

CLCs containing NZ set slightly faster than those con-

taining FA. This finding is due to the high fineness of NZ,

which also has a higher surface area and a greater poz-

zolanic reaction. The increase in pozzolans also prolongs

the setting time of CLCs with NZ compared with the con-

trol mix due to the lower content of OPC.

The capillary porosity of CLCs containing FA and NZ

increases as the replacement level of both types of poz-

zolans increases. Moreover, water absorption is primar-

ily related to capillary porosity. The water absorption in-

creases as the capillary porosity increases, which decreases

the compressive strength.

The reduction of air voids in CLCs with density con-

trol is due to replacing OPC with pozzolans. The poz-

zolans cause a filler effect and refine the pore-size structure

of the paste. This effect changes larger pores into smaller

ones. Thus, the total porosity and cumulative pore vol-

umes of CLCs containing FA and NZ are less than those

of OPC.
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Nanocrystalline CaCu3Ti4�xVxO12 (x ¼ 0, 0.025, and 0.05) powders with particle sizes of 100–200 nm were successfully synthesized using a

poly(ethylene glycol) solution. All the ceramic samples exhibited the pure CaCu3Ti4O12 phase. The grain size of CaCu3Ti4�xVxO12 ceramics

increased slightly as V doping ion concentration increased; whereas, the dielectric permittivity of the ceramics decreased slightly. The nonlinear

current–voltage properties of CaCu3Ti4O12 ceramics were improved significantly by substitution of V ions. Impedance spectroscopy analysis and

investigation of non-ohmic electrical properties revealed that the electrical resistance of the grain boundary and breakdown electric field strength

were markedly increased by substitution of V ions; whereas, electrostatic potential barrier height at grain boundaries decreased slightly.

# 2013 The Japan Society of Applied Physics

1. Introduction

Recently, dielectric materials with high values of dielectric
permittivity ("0) have been playing an important role in
microelectronic devices such as multilayered ceramic
capacitors (MLCCs). Many researchers have investigated
the dielectric and electrical properties of perovskite oxides
and related oxide ceramics to improve the dielectric
properties of high-permittivity materials.1–14) Among
them, CaCu3Ti4O12 (CCTO) and related oxides (such
as Na1=2Bi1=2Cu3Ti4O12, Na1=2La1=2Cu3Ti4O12, Na1=2Y1=2-
Cu3Ti4O12, and Y2=3Cu3Ti4O12) have gained considerable
interest both scientifically and technologically. Interestingly,
these ceramics can exhibits values of "0 in the range of
103–105 at room temperature.3,5,9,10,15–25)

To date, many investigations have been carried out to
understand the physical mechanism(s) related to the apparent
giant dielectric response in CCTO ceramics.3,5,9,10,17,20)

However, the origin of giant dielectric properties is still
unclear. Both the intrinsic and extrinsic effects were
proposed to underlie the unusually high "0 values of
CCTO ceramics and single crystals. For the intrinsic effect,
different models have been proposed to explain the giant
dielectric response such as the mixed-valent structure
model,10,20) polaron relaxation model,26) and nanoscale
disorder model.27,28) For the extrinsic effect, it is widely
believed that the origin of the giant dielectric response in the
CCTO ceramics is attributed to the internal barrier layer
capacitor (IBLC) effect.5,9,15–19,22,24) The giant dielectric
response in CCTO is mainly caused by the polarization at
grain boundary (GB) regions, which is well known as the
‘‘Maxwell–Wagner polarization’’.5,29) Moreover, it was also
found that this polarization can be introduced at other
interfaces, both inside and outside the ceramics, such as
internal domain boundaries (DBs)30) and at the sample-
electrode interface.9,31,32)

It is interesting that CCTO and related oxide ceramics
can also exhibit nonlinear current–voltage behav-
ior.5,16,17,19,22,24,33–36) This is because of the existence of

intrinsic potential barriers at the GBs, i.e., the Schottky
effect.37,38) Therefore, it is possible that CCTO ceramics
have the potential for varistor and gas sensor applications.5)

To improve dielectric properties and to clarify the giant
dielectric response in CCTO ceramics, substitution of metal
ions into Ca2þ, Cu2þ, and Ti4þ sites for CCTO ceramics has
been extensively investigated.9,18,19,21,24,36,39–44) All doping
ions have significant effects on "0, tan �, electrical con-
ductivity of GBs (�gb), as well as activation energy required
for conduction at GBs and inside the grains. Moreover,
doping ions also show a great effect on the nonlinear current
density–electric field (J–E) characteristics of CCTO ce-
ramics. For example, it was found that substitution of
2.0wt% vanadium (V) can reduce the resistance of GB
(Rgb) with a slight increase in the capacitance of GBs
(Cgb).

45) Sen et al.46) reported that "0 of CCTO ceramics was
decreased by substitution of V ions. Ramajo et al.36) found
that addition of VO2 into CaCu3Ti4O12/CaTiO3 composite
ceramics can decrease "0, especially at high frequencies. A
large decrease in "0 at high frequencies may be due to the
effect of V doping on dielectric relaxation. It was also found
that the nonlinear electrical properties of CaCu3Ti4O12/
CaTiO3 ceramics can be improved significantly. According
to the IBLC model,29) the dielectric response in ceramics is
closely related to the electrical response at GBs. Therefore,
systematic investigation of the giant dielectric and electrical
properties of CCTO-based ceramics is therefore important.
In general, the conventional solid state reaction method

is selected to prepare CCTO using CaCO3, CuO, and TiO2

as the starting raw materials. This method requires high
sintering temperatures and long reaction times to produce
the pure CCTO phase. In contrast to the SSR method,
synthesis of CCTO from chemical solutions usually offers
the possibilities of close stoichiometric control and low-
temperature chemical reactions.15) Thus, preparation of
CCTO ceramics using chemical solutions is therefore
important.
In this work, the dielectric and electrical properties of

CaCu3Ti4�xVxO12 (x ¼ 0, 0.025, and 0.05) ceramics were
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systematically investigated at different temperatures. The
phase formation and microstructure of the sintered ceramics
were characterized. The effects of V doping ions on the
giant dielectric properties and electrical response at GBs are
discussed on the basis of the results of impedance spec-
troscopy analysis and measurement of current–voltage at
various temperatures.

2. Experimental Procedure

A poly(ethylene glycol) (PEG) solution route was used to
prepare CaCu3Ti4�xVxO12 powders, where x ¼ 0, 0.025,
and 0.05 (abbreviated as CCTO, CCTVO-1, and CCTVO-2
samples, respectively). The starting raw materials were
Ca(NO3)2�4H2O (99%, Sigma-Aldrich), Cu(NO3)2�4H2O
(99.5%, Carlo Erba), C16H28O6Ti (75wt% in isopropanol,
Sigma-Aldrich), ethanol, and PEG. Firstly, stoichiometric
amounts of Ca(NO3)2�4H2O and Cu(NO3)2�4H2O were
dissolved in the solution of PEG (2.5wt%) in ethanol
with constant stirring at room temperature. Secondly,
C16H28O6Ti solution was dropped slowly into the metal
ion solution mentioned above with constant stirring.
Immediately, a clean and transparent solution was obtained.
Thirdly, the mixed solution was dried at 623K for 30min.
The resulting dried porous precursors were ground and
calcined at 1073K for 3 h. The obtained CaCu3Ti4�xVxO12

powders were ground and pressed into pellets of 9.5mm
diameter and �1{2mm thickness by uniaxial compression
at 200MPa. Finally, these pellets were sintered in air at
1333K for 1 h.
Scanning electron microscopy (SEM; LEO 1450VP) and

X-ray diffraction (XRD; Philips PW3040) techniques were
used to examine the microstructure and to characterize the
phase formation of the sintered CaCu3Ti4�xVxO12 ceramics,
respectively. Nanoparticles of CaCu3Ti4�xVxO12 powders
were observed by transmission electron microscopy (TEM;
FEI Tecnai G2). Au electrodes were sputtered on the
polished-face of each pellet at a current of 25mA for 8min
using a Polaron SC500 sputter coating unit. The capacitance
and dissipation factor (or tan �) of the samples were
measured using an Agilent 4294A Precision Impedance
analyzer over the frequency range from 102 to 107Hz at
an oscillation voltage of 500mV. The measurements
were performed over the temperature range of 203–423K.
All temperature steps were kept constant with an accuracy
of �1K. Current–voltage measurements were measured in
the temperature range of 313–353K using a high-voltage
measurement unit (Keithley 247). The breakdown electric
field (Eb) was obtained at the current density of 1mA�cm�2.
Nonlinear coefficient (�) was calculated in the range of
1–10mA�cm�2.
The complex impedance Z� was calculated from the

relation,

"� ¼ "0 � i"00 ¼ 1

i!C0Z� ¼ 1

i!C0ðZ0 � iZ00Þ ; ð1Þ

where "0 and "00 are, respectively, the real (dielectric
constant) and imaginary parts (dielectric loss) of the
complex permittivity "�. Z0 and Z00 are the real and
imaginary parts of Z�, respectively. ! is the angular
frequency (! ¼ 2�f ) and i ¼ ffiffiffiffiffiffiffi�1

p
. C0 ¼ "0S=d is the

empty cell capacitance, where S is the sample area, d is

the sample thickness, and "0 is the permittivity of free space,
"0 ¼ 8:854� 10�12 F/m.

3. Results and Discussion

Figure 1 shows the XRD patterns of the CCTO and V-doped
CCTO ceramics sintered at 1333K for 1 h. All diffraction
peaks for all of the samples confirm the formation of the
CaCu3Ti4O12 phase (JCPDS 75-2188) without any possible
impurities such as CuO, TiO2, or CaTiO3. The lattice
parameters (a) of the sintered ceramics were calculated by
Cohen’s least mean square method. The a values of the
CCTO, CCTVO-1, and CCTVO-2 samples were found to
be 7.389(9), 7.389(1), and 7.394(6) �A, respectively. These
values are comparable to those reported in the literature1,16)

and JCPDS 75-2188 for 7.391 �A.
SEM images of the surface morphologies of the CCTO

and V-doped CCTO ceramics are shown in Fig. 2. The
microstructures of the CCTO ceramic sample consist of
grains, GBs, and pores. The grain sizes of the CCTO ceramic
sample are about 1–2 �m, as shown in Fig. 2(a). The mean
grain size of the CCTVO-1 ceramic samples tends to
increase slightly, as shown in Fig. 2(b). The largest grain
of this sample was found to be �5 �m in size. Figures 2(c)
and 2(d) show the surface morphologies of the CCTVO-2
ceramic sample at different regions. The largest grain of the
CCTVO-2 ceramic sample was found to be �10 �m in size.
These results mean that substitution of V ions can increase
the sintering rate of CCTO ceramics. The grain growth
mechanism in a ceramic is usually driven by GB mobility.
For CCTO ceramics, the liquid phase sintering mechanism
is likely to be the main factor for increasing the grain
growth rate.19) The presence of the liquid phase during
heating and sintering processes can increase the diffusion
rate of ions across GBs. For V-doped CCTO ceramics, it is
likely that the related V phase may act as a liquid phase
during heating and sintering processes. The effect of V
doping on microstructural changes of ceramics is usually
observed in a V-doped ZnO system. It is caused by the
relatively low melting points of V and the related second
phase.47) Note that a large number of pores are observed in
the microstructures of all ceramic samples, especially for the
CCTO sample. The porosity of CCTO ceramics tends to
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Fig. 1. (Color online) XRD patterns of (a) CCTO, (b) CCTVO-1, and

(c) CCTVO-3 ceramic samples.
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decrease with increasing V doping content. This result
indicates that the CCTO ceramic sample sintered at 1333K
for 1 h has a low relative density. The insets of Figs. 2(a)–
2(c) show the nanoparticles of the CCTO, CCTVO-1, and
CCTVO-2 powders, respectively. The particle sizes of all
samples are in the range of 100–200 nm.
Figure 3(a) shows the temperature dependence of "0 at

102 Hz for the CCTO and V-doped CCTO ceramics.
Obviously, "0 in the temperature range of 203–423K of
CCTO ceramics decreases slightly with increasing V doping
concentration. At high temperatures, "0 of the CCTO ceramic
sample significantly increased compared with those ob-
served in the CCTVO-1 and CCTVO-2 ceramic samples.
The inset of Fig. 3(a) shows the temperature dependence of
tan � at a frequency of 102Hz. At a temperature of �300K,
tan � was decreased by substitution of V ions. However, at

low temperatures below 270K, tan � increased with increas-
ing V concentration. The apparent tan � peaks in the
CCTVO-1 and CCTVO-2 samples at a low temperature
are attributed to the dielectric relaxation process related
to the decrease in their "0 with increasing temperature.
Figure 3(b) shows the frequency dependence of "0 at 303K
for the CCTO and V-doped CCTO ceramic samples.
Obviously, substitution of V into CCTO ceramics has a
remarkable influence on the dielectric relaxation behavior.
The step like decrease in "0 of V-doped CCTO ceramics
shifts to a low-frequency range as V concentration increased.
It is important to note that the relationship between the
dielectric response and microstructure of V-doped CCTO
ceramics is very unique. This is because the dielectric
response in CCTO ceramics is usually enhanced as grain
size increased or vice versa.9,15,19,22–24,37,41,42) Recently,

(a)

2 μm

(b)

(c) (d)

2 μm 2 μm

2 μm

Fig. 2. SEM images of surface morphologies of (a) CCTO, (b) CCTVO-1, and (c, d) CCTVO-2 ceramic samples. Insets of figures (a–c) show their TEM

images, revealing nanoparticles of the CCTO, CCTVO-1, and CCTVO-2 samples, respectively; each scale bar is 200 nm.
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N. Sangwong et al.Jpn. J. Appl. Phys. 52 (2013) 06GF05

06GF05-3 # 2013 The Japan Society of Applied Physics



Schmidt et al.48) have studied the effects of sintering
temperature on the IBLC structure in CCTO ceramics. They
found that the "0 of a CCTO ceramic is dependent on its Cgb
and independent of mean grain size. Thus, the decrease in "0

observed in V-doped CCTO ceramics may be caused by the
decrease in Cgb. Substitution of V ions to CCTO ceramics
may have an effect on the electrical response of GBs.
Investigation of electrical responses at GBs of CCTO
ceramics is therefore important.
To study the physical nature of electrical transport at the

GBs of CCTO ceramics, non-ohmic characteristics were
investigated at various temperatures. The nonlinear J–E
strength of the CCTO, CCTVO-1, and CCTVO-2 samples
are shown in Figs. 4(a)–4(c), respectively. The J–E curves
of all the samples show non-ohmic characteristics. It
was observed that Eb decreases with increasing temperature,
and non-ohmic J–E characteristic tends to become ohmic
characteristic in nature as temperature increases. This be-
havior indicates the effect of temperature on the Schottky
barrier.38) It is likely that the electrical response of GBs in
CCTO ceramics may be related to the existence of Schottky
barriers at the GBs. Figure 4(d) shows the J–E curves of all
samples at 313K, showing the influence of V doping ions on
the nonlinear electrical properties, indicating the effect of V
on the intrinsic electrical properties of GBs. Eb of the CCTO
ceramics was increased by substitution of V ions. The values
of Eb were determined to be 781, 3731, and 3800V�cm�1

for the CCTO, CCTVO-1, and CCTVO-2 ceramic samples,
respectively, and those values of � were 2.00, 4.41, and 4.42,
respectively. These results are similar to those of the VO2-

added CaCu3Ti4O12/CaTiO3 composite ceramics.36) This
means that substitution of V can change the intrinsic
electrical properties of CCTO ceramics.
To understand the electrical properties of GBs, the total

resistance of GBs is estimated by impedance spectroscopy,
which is a powerful tool in separating the grain and the GB
effects.29) In general, the resistances of grains (Rg) and GB
(Rgb) of CCTO ceramics can be calculated from the
diameters of two semicircular arcs of the Z� plot that
appeared in the high- and low-frequency ranges, respec-
tively.29,48) At higher than room temperature, only the large
semicircular arc in the low-frequency range is generally
observed over the measured frequency range. Rg can be
estimated from a nonzero intercept on the Z0 axis at high
frequencies.29) We found that the large semicircular arcs of
all the samples cannot be observed at room temperature.
Thus, Z� plots for CCTO and V-doped CCTO ceramics must
be replotted in a high-temperature range. As shown in Fig. 5,
the large semicircular arcs of all the samples can be observed
at a temperature of 393K. Substitution of V can increase
the total Rgb of CCTO ceramics. It is likely that Rgb of the
CCTVO-2 sample is larger than that of the CCTVO-1
sample. This result is consistent with the slight increase in
Eb of the CCTVO-2 sample compared with the CCTVO-1
sample, as shown in Fig. 4(d).
To deepen the understanding on the intrinsic electrical

properties of GBs, the potential barrier height existing at GBs
for all ceramic samples should be calculated. The electrical
response of GBs in CCTO polycrystalline ceramics is closely
related to the existence of Schottky barriers at the GBs.5,37,38)
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Therefore, electrical conduction in the prebreakdown region
is dominated by the Schottky emission. As a result, the
relationship between J and E is as follows:17,38,41,42)

J ¼ AT 2 exp
�E1=2 ��B

kBT

� �
; ð2Þ

ln J ¼ �E1=2

kBT
þ lnðAT 2Þ � �B

kBT

� �
; ð3Þ

where �B is the height of electrostatic potential barrier at the
GBs, E is the electric field, � is a constant related to the
potential barrier width, and A is the Richardson constant. To
calculate�B, the last term on the right hand side of Eq. (3) is
expressed as

ln J0 ¼ lnðAT 2Þ � �B

kBT
: ð4Þ

Equation (3) is therefore expressed as

ln J ¼ J0 þ �E1=2

kBT
: ð5Þ

From Eq. (5), ln J0 in the temperature range from 313 to
353K of all samples can be calculated from the plots of
ln J vs E1=2 by the linear fitting of the slope. ln J0 can be
obtained at E ¼ 0. Figures 6(a) and 6(b) show the fitted
linear relationship between ln J and E1=2. Using the
relationship in Eq. (4), the �B values of the CCTO and
V-doped CCTO ceramics were calculated from the slopes of
the plots of ln J0 vs 1000=T . As shown in Fig. 7, good linear
fitting results are achieved and found to be 0.562, 0.551, and
0.437 eV for the CCTO, CCTVO-1, and CCTVO-2 ceramic
samples, respectively. The overall electrical and dielectric
properties of the V-doped CCTO ceramics are very similar to
those observed in the La-doped CCTO ceramics.42) The "0

and �B of CCTO ceramics decreased with increasing doping
concentration (i.e., La or V); whereas, Eb increased. For the
TiO2/CCTO composite system,17) it was found that �B is
independent of the amount of TiO2; on the other hand, Rgb

increased slightly. The increase in Rgb of the TiO2/CCTO
ceramics was suggested to be caused by the increase in the
thickness of GB. Note that �B decreased after doping CCTO
with V; whereas, the Rgb values of the CCTVO-1 and
CCTVO-2 samples at 393K are nearly the same. However,
this behavior is difficult to describe well. The electrical
resistance of GBs may not be dependent only on potential

barrier height. Other factors may have an effect on electrical
resistance such as segregations of impurities related to
the liquid phase sintering process. However, the presence
of a small amount of liquid films on the GBs is difficult
to observe. This extrinsic factor may have an influence
on the electrical properties of the CCTVO-1 and
CCTVO-2 ceramic samples. According to previous
works,15,33,34,37,38,41,49) the relationship between the Schottky
effect at GBs and dielectric properties can be well explained
and easy to understand. However, in some cases as well as the
results presented in this work,35,36,42) this relationship is not
easily established.
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4. Conclusions

In conclusion, we have successfully prepared nanocrystal-
line CaCu3Ti4�xVxO12 (x ¼ 0, 0.025, and 0.05) powders
with particle sizes of 100–200 nm. It was found that the grain
size of CCTO ceramics increased slightly as V doping ion
concentration increased. "0 decreased slightly as V concen-
tration increased. Substitution of V can improve the non-
ohmic properties of CCTO ceramics. By impedance spec-
troscopy analysis and investigation of non-ohmic properties
at different temperatures, it was shown that Rgb and Eb were
significantly increased by substitution of V ions, whereas,
electrostatic potential barrier height at grain boundaries
decreased slightly.
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a b s t r a c t

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

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

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

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

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

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

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

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

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

2. Experimental procedure

2.1. Materials

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

2.2. Geopolymer preparation

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

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

2.3. Geopolymer testing

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

Degree of reaction ¼ msample �mresidue

msample
� 100 ð1Þ

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

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

3. Results and discussion

3.1. Morphological study of geopolymer pastes

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

CaSO4 � 2H2OðsÞ þ NaOHðaqÞ ! 4CaðOHÞ2ðsÞ þ Na2SO4ðaqÞ ð2Þ
Sodium hydroxide, thus, promoted gypsum dissolution and the

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

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

Table 1
Chemical composition and LOI of FBC fly ash.

Chemical composition (wt.%)

SiO2 21.0
Al2O3 8.1
Fe2O3 6.9
CaO 42.2
SiO3 14.8
Other oxides 6.0
Loss on ignition (LOI) 1.0
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of 5 wt.%, sodium-aluminate compound was detected in the com-
posite with a prominent peak at 44.5� 2h. With high alkaline con-
centration, this compound could subsequently convert to zeolite as
an intermediate phase and could weaken the geopolymer.

3.2. Compressive strength of geopolymer mortars

The results of compressive strength of FBC fly ash geopolymer
mortar are presented in Fig. 2. The 7-day strengths of FBC fly ash
geopolymers were low at 7, 8 and 12 MPa for the mixes with 10,
12 and 15 M NaOH, respectively. This was due to the low reactive
amorphous phase and high crystallinity of the as-received starting
material. The compressive strength increased with the curing age
owing to the high calcium content of FBC fly ash and the formation
of calcium silicate hydrate (C–S–H) in the composite. In addition to
alumino silicate compound, C–S–H was another significant factor
enhancing the strength of FBC fly ash geopolymer. The leaching
of minerals such as silicon and aluminum ions occurred when fly
ash came into contact with NaOH and sodium silicate solutions
[16] leading to the formation of calcium silicate and alumino-sili-
cate gels. The calcium silicate hydrate (C–S–H) co-existed with
the geopolymer products [18,19] and helped to develop the
strength of geopolymer as a function of time. The increase in the
NaOH concentration led to the higher strength gain since high
NaOH concentration could better leach out the Si4+ and Al3+ ions

resulting in the better formation of geopolymer gel [20]. The high-
est concentration of 15 M NaOH resulted with the geopolymer hav-
ing a 90-day compressive strength of 26.0 MPa. In addition, the
change in the NaOH concentration affected the SiO2/Na2O ratio.
The increase in the NaOH concentration resulted in low SiO2/
Na2O ratio and led to the formation of solid sodium silicate com-
pound which was a weak compound and contributed to a relatively
low strength matrix [14].

Compressive strengths of Al(OH)3-FBC blend geopolymer pre-
pared with 15 M NaOH are also presented in Fig. 2. Addition of
2.5 wt.% of Al(OH)3 enhanced the strength of the geopolymer ow-
ing to the increase in the alumina which led to the reduction of
the SiO2/Al2O3 mole ratio. The higher Si/Al ratio gave geopolymer
with a relatively low strength [21]. For the incorporation of
2.5 wt.% of Al(OH)3, the strength of geopolymer at 90 days was
thus increased to 36 MPa. The aluminum ion from Al(OH)3 reacted
with silicon ion to form the additional alumino-silicate gel. How-
ever, the incorporation of the high amount Al(OH)3 of 5 wt.%
resulted in the reduction of the strength of the geopolymer and
the strengths were similar to the geopolymer without Al(OH)3.
The excess aluminum ion reacted with NaOH solution and formed
the sodium aluminate compound as detected in the XRD pattern
and it seems that this lowered the geopolymer strength.

3.3. Microstructural study

The results of microstructure study of FBC fly ash and geopoly-
mers are shown in Fig. 3. The composite consisted of the unreacted
fly ash particles, geopolymer matrix and other compounds. The
needle-like ettringite was found in FBC fly ash geopolymer pre-
pared with 12 M NaOH and less (Fig. 3a) and was in accordance
with the XRD result. Ettringite was observed in crack and void of
the geopolymer matrix. It could be converted to calcium aluminate
monosulfate in the presence of moisture and high content of

Table 2
Mix proportion of geopolymers (g).

Sample % Al(OH)3 Fly ash Al(OH)3 Na2SiO3 NaOH NaOH concentration (M)

100FBC 0 40 – 40 20 10/12/15
2.5Al 2.5 39 1 40 20 15
5Al 5 38 2 40 20 15
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calcium sulfate in the matrix. For the FBC fly ash geopolymer pre-
pared with 15 M NaOH, no ettringite formation was observed
(Fig. 3b). As mentioned, the high NaOH concentration helped the
dissolution of calcium sulfate and formed calcium hydroxide. The
pozzolanic reaction could subsequently carry out through the reac-
tion between this calcium hydroxide and silica and alumina from
the FBC fly ash particles resulting in more C–S–H in the matrix.
With 2.5% Al(OH)3, the prepared sample with 15 M NaOH also
showed the dense and homogeneous matrix with no sign of
ettringite formed in the cracks and voids (Fig. 3c). For the incorpo-
ration of 5 wt.% of Al(OH)3 with 15 M NaOH, the matrix consisted
of sodium silicate (Fig. 3d) and excess gibbsite (Al(OH)3) with a
small amount of cross linked geopolymer leading to a lower
strength matrix [14]. Sodium aluminate zeolite could be found as
indicated by the XRD peak at 44.5� 2h.

3.4. Degree of reaction

Fig. 4 shows the degree of reaction of blend geopolymer pastes
prepared with 15 M NaOH. The test was based on the dissolution of
product, the remaining unreacted fly ash was determined. The FBC
fly ash geopolymer has the degree of reaction of 21.9%. With
Al(OH)3 content of 2.5%, more products were formed in the com-
posite leading to less unreacted material remaining in the sample.
For the high dosage of 5% of Al(OH)3, excess Al(OH)3 was available
and was difficult to be dissolved in chemical reagents. The degrees
of reaction were 24.3% and 23.7% respectively for the samples with
2.5% and 5.0% Al(OH)3. The high degree of reaction of the geopoly-
mer with 2.5% Al(OH)3 agreed with the results of strength in Fig. 4.
The optimum Al(OH)3 content was, therefore, 2.5% by weight of the
powder and this mix gave a dense matrix with high degree of reac-
tion and high strength.

Fig. 3. SEM micrographs of geopolymer pastes at the age of 90 days.
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3.5. Thermal stability of geopolymers

Thermal stability of geopolymer pastes was measured by ther-
mogravimetric analysis (TGA) and differential thermogravimetry
(DTG), results are shown in Fig. 5. TGA/DTG monitored the weight
change during heating of specimen. FBC geopolymer showed high-
er weight loss than the 2.5Al blend geopolymer. This was due to
the reaction between free lime in FBC fly ash and Al(OH)3 in base
condition forming the more binding materials (i.e. aluminosilicate
and calcium aluminate compounds) in matrix. Weight loss was
found at 100 �C owing to the evaporation of water. Two peaks at
300 and 580 �C, respectively, presented the starting and finishing
dehydroxylation of Al(OH)3. Less decomposition of Ca(OH)2 at
400 �C indicated that calcium compound reacted with aluminate
ion and resulted in more complex compounds, i.e. calcium alumi-
nate and alumino silicate compounds.

4. Conclusions

Based on the results of this study, the following conclusions
could be drawn.

The concentration of NaOH affected the ettringite formation in
FBC fly ash geopolymer. For NaOH concentration of 10 M and 12 M
NaOH, the ettringite was detected in cracks and voids of the geo-
polymer matrix. With NaOH concentration of 15 M, the dissolution
of calcium sulfate was facilitated resulting in the formation of cal-
cium hydroxide. This resulted in the pozzolanic reaction and led to
strength gain of the geopolymer. The incorporation of 2.5 wt.% of
Al(OH)3 in FBC fly ash geopolymer promoted the reaction and pro-
vided dense and homogeneous matrix with the formation of addi-
tional alumino-silicate compound. However, the high dosage of
5 wt.% of Al(OH)3 resulted in excess Al(OH)3 and formed sodium
aluminate which weakened the geopolymer. FBC fly ash utilization
in geopolymer offers a new effective method to recycle FBC fly ash
and an alternative cementitious material for non-structural mem-
ber which does not require high strength products such as pave-
ment, block and wall panel.
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Pressed lightweight concrete containing calcined diatomite aggregate
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h i g h l i g h t s

� Coarse diatomite aggregate calcined at 1000 �C contributed to high strength.
� Fine diatomite aggregate calcined at 600 �C also gave high strength.
� Pressed lightweight concrete gave 28-day compressive strengths of 7–12 MPa.
� Concretes with unit weight of 1000–1200 kg/m3 were obtained.
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a b s t r a c t

Diatomite in its natural form possesses low reactivity and is a weak material. Calcination rids of the burn-
able elements and enhances the properties of diatomite. This research studies the properties of pressed
lightweight concrete containing calcined diatomite aggregate. The diatomite was crushed and classified
as fine, medium and coarse aggregates and then calcined at 400–1000 �C for 4 h. The pressed lightweight
concretes with 28-day compressive strength of 7.8–12.9 MPa, density of 1000–1200 kg/m3, porosity of
58–61%, water absorption of 61–72% and thermal conductivity of 0.15–0.19 W/mK were obtained. The
light weight and high strength blocks were obtained with the use coarse diatomite aggregate obtained
from high calcined temperature of 1000 �C and the use of fine diatomite aggregate obtained from calci-
nation temperature of 600 �C. At the high temperature of 1000 �C, the coarse aggregate was stable and
strong and this contributed to the strength of the pressed lightweight concrete. At the calcination tem-
perature of 600 �C, the fine diatiomite aggregate was reactive. Calcined diatomite is a suitable lightweight
aggregate for making pressed lightweight concrete blocks.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lightweight concrete is concrete with density less than normal
concrete and not exceeds 1840 kg/m3 [1].The production of light-
weight aggregate concrete has been expanding. It includes no-fines
concrete of low density of 400–1200 kg/m3 for block production
and of 1000–1840 kg/m3 for structural concrete. The types of light-
weight concrete are related to the availability of lightweight aggre-
gate [2]. By the methods of production, lightweight concretes are
classified into three types (a) lightweight concrete with porous
lightweight aggregate of low apparent specific gravity (b) light-
weight concrete with large voids within the concrete or mortar
mass (c) lightweight concrete with no fine aggregate [3].The use
of lightweight concrete blocks and structure lightweight concrete
in construction can reduce the cost of construction as lightweight
concrete reduce the dead load, cross sectional area, and amount
of reinforcement of concrete structure.

Lightweight aggregate concrete (LWAC) has been the subject of
investigations for many years [4,5]. They are mostly used for ma-
sonry wall as well as structural concrete because of the high
strength to weight ratio, low coefficient of thermal conductivity
and good sound insulation characteristic due to air voids in the
lightweight aggregate [6]. Lightweight aggregate (LWA) are from
either natural source such as perlite, diatomite, and pumice or
from manufacturing such as expanded clay, expanded shale and
sintered fly ash.

Diatoms were unicellular algae and probably the most wide-
spread group of plants on the earth. There are more than twenty-
five thousand species of diatoms with no two having the same
morphology [7]. When the diatoms died, the tiny shells sunk,
and over the centuries and formed thick layers. Eventually these
deposits were fossilized and compressed into a soft, chalky rock
that is now called diatomaceous earth [8]. Diatomaceous earth or
diatomite is light in weight due to its cellular structure and high
porosity [9] and possesses low thermal conductivity, but it is a
rather soft material with low reactivity [10]. The uncalcined
lightweight diatomite aggregate was used in making light weight
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concrete with reasonable strength of 2.5–8 MPa with unit weight
of 900–1190 kg/m3 [11]. Calcination of fine diatomite at 700 �C
results in dehydroxylation of clay minerals and enhances its pozzo-
lanic reactivity [9]. Thus, this research explores the use of diato-
mite in making lightweight aggregate by improving its properties
with calcination at different temperatures. The effect of aggregate
gradations on the properties of lightweight concrete was also
studied. The pressed lightweight concrete blocks containing
calcined diatomite should be suitable for use in masonry wall. In
addition, the knowledge obtained should also be useful for the
future study for its use in structural lightweight concrete as spec-
ified in ACI 213 [11].

2. Experimental program

2.1. Materials

Materials used in this research consisted of Type I Ordinary Portland Cement
(OPC) and diatomite (DE) from Lampang province in the north of Thailand. Diato-
mite was crushed and calcined at 400, 600, 800, and 1000 �C for 4 h [9] and then
classified as fine aggregate (FA), medium aggregate (MA) and coarse aggregate
(CA) with particle sizes ranging between 0.001–1.18, 1.18–4.75, 4.75–12.5 mm,
respectively as shown in Fig. 1. Chemical composition and mineralogical composi-
tion of as-received DE were determined using X-ray fluorescence (XRF) and X-ray
diffraction (XRD), respectively. The differential thermal analysis (DTA) and thermal
gravitation analysis (TGA) were performed on DE to investigate its physical and
chemical changes during heating. The physical properties of materials are shown
in Table 1 and the chemical compositions of DE are shown in Table 2. The increase
in fineness modulus resulted in increase in the water absorption and decrease in
bulk density of DE. The water absorption of FA, MA, and CA were 61%, 102%, and
112% and bulk densities were 600, 425, and 417 kg/m3, respectively. The sum of
SiO2, Al2O3, and Fe2O3 of diatomite aggregate increased with the increase in cal-
cined temperature. This was due to the reduction in the loss on ignition (LOI) of
DE with the increase in calcined temperature. The loss on ignition (LOI) of uncal-
cined DE (UC) was 9.1% which was below 10.0% as described in ASTM C 618 [12]
for class N pozzolan. The LOIs of DE calcined at 400, 600, 800, and 1000 �C reduced
to 7.0%, 4.5%, 1.0% and 0.60%, respectively. The reduction in the burnable elements
improved the chemical composition of DE.

2.2. Mix proportion

2.2.1. Effect of calcined temperature
The FA, MA were calcined at 600 �C to obtain the pozzolanic property of DE [13]

and CA was calcined at 400, 600, 800, and 1000 �C (CA400, CA600, CA800, and
CA1000) to study the effect of the calcined temperatures on the coarse aggregate.

2.2.2. Effect of aggregate gradation
To study the effect of aggregate gradation, the FA and MA portions were varied

and the CA portion was kept constant at 30%. The effect of the change in the small
aggregate portion is larger than that of the large portion [14]. A total of three aggre-
gate gradations with FA:MA:CA ratios of 0:70:30, 30:40:30, and 70:0:30 (0FA, 30FA,
and 70FA) were used.

2.3. Details of mixing

All mixtures were made with water to cement ratio (W/C) of 2.0 by mass and
diatomite to cement ratio (D/C) of 1.8 by mass. OPC and DE were firstly mixed until
the mixture was homogenous which took approximately 1½ min. Afterward, water
was added and the mixing was done for another 1½ min. The 50 � 50 � 50 mm
cubes were made with a pressed machine with the pressure of 0.85 MPa. The press-
ing technique with small pressure was adopted as it simulated the manufacturing
of concrete blocks without the need to use a large number of molds which requires
assembling and cleaning of molds as well as demolding. The specimens were then
covered with damp cloth and plastic sheet to prevent moisture loss in a controlled
25 �C room. At the age of 28 days, they were tested for density, compressive
strength, water absorption and thermal conductivity. Samples of pressed light-
weight concrete for testing are shown in Fig. 2.

2.4. Details of test

2.4.1. Density and compressive strength
The density was determined as described in ASTM C 138 [15]. The density was

measured at the ages of 28 days using the compressive strength specimens. After
the density determination, the cube specimens were tested to determine the com-
pressive strength in accordance with ASTM C109 [16]. The reported compressive
strengths were the average of three samples.

2.4.2. Porosity and water absorption
The cube specimens were tested for porosity and water absorption at the age of

28 days in accordance with ASTM C 642 [17]. The porosity was calculated using Eq.
(1) and Eq. (2) was used for the calculation of water absorption.

Porosity ð%Þ ¼ ½ðC � AÞ=ðC � DÞ� 	 100 ð1Þ

Absorption ð%Þ ¼ ½ðB� AÞ=A� 	 100 ð2Þ

where A = mass of oven – dry sample in air (g); B = mass of surface – dry sample in
air after immersion (g), C = mass of surface – dry sample in air after immersion and
boiling (g), and D = apparent mass of sample in water after immersion and boiling (g)

2.4.3. Thermal conductivity
The cube specimens were tested to determine the thermal conductivity at the

age of 28 days in accordance with ASTM D 5930 [18].

3. Results and discussion

3.1. Scanning electron microscopy

The results of SEM of DE are shown in Fig. 3. The DE consisted of
cylindrical shape particles approximately 10 lm in diameter and
30 lm in length with square cellular structure. The surface consist-
ing of micro-pores made DE very porous and low in density [9,19].

Fig. 1. Coarse, medium and fine DE aggregates.

Table 1
Physical properties of materials.

Materials OPC FA MA CA

Specific gravity 3.16 1.85 2.27 2.45
Median particle size (lm) 14.6 – – –
Particle size (mm) – 0.001–1.18 1.18–4.75 4.75–12.5
Fineness modulus – 1.33 4.02 5.75
Density (kg/m3) 1440 600 425 417
Water absorption (%) – 61 102 112

Table 2
Chemical composition of DE (by weight).

Chemical compositions
(%)

Calcined temperature

Uncalcined 400 �C 600 �C 800 �C 1000 �C

SiO2 74.30 76.09 78.40 78.29 79.86
Al2O3 8.07 7.98 8.18 9.43 9.01
Fe2O3 5.35 5.46 5.19 7.08 6.29
CaO 0.48 0.43 0.47 0.54 0.51
K2O 1.76 1.89 1.99 2.21 2.28
TiO2 0.11 0.43 0.51 0.51 0.56
Na2O 0.15 0.13 0.12 0.17 0.16
P2O5 0.11 0.08 0.09 0.11 0.10
BaO 0.04 0.04 0.04 0.04 0.04
MgO 0.47 0.43 0.47 0.56 0.47
LOI 9.10 7.00 4.50 1.00 0.60

P. Posi et al. / Construction and Building Materials 47 (2013) 896–901 897



3.2. Differential thermal analysis (DTA) and thermal gravitation
analysis (TGA)

The results of DTA and TGA of diatomite are shown in Fig. 4. The
endothermic peaks associated with the loss of adsorbed water on
particle surfaces of diatomite were observed at 71.5 �C and
149.0 �C. The other peak at 482.0 �C ascribed the dehydroxylation
of clay minerals containing in DE [9]. This, therefore, indicated that
the optimum calcined temperature for reactive diatomite should
not be higher than 500 �C.

3.3. Mineralogical and morphological composition using XRD

The XRD results of DE are shown in Fig. 5. The DE contained
mainly quartz, kaolinite and nontronite. Calcination at 400 �C re-
duced the peaks of kaolinite and nontronite. At higher temperature

of 600 �C, kaolinite and nontronite peaks disappeared. This corre-
sponded to the dehydroxylation of kaolinite. When clay mineral
(kaolinite) was calcined at this temperature, it thus became active
[13]. This was confirmed by the disappearance of main peaks of
kaolinite at 12.5�, 24.8� and 61.8� 2h. At 800 �C, small amounts of
hematite and magnesium aluminum silicate were observed. At
1000 �C, the magnesium aluminum silicate peak disappeared as
confirmed by the disappearance of main peaks at 19.8� and 25.8�
2h. The peaks of mullite at 33.2� and 35.2� 2hwere observed at this
high calcined temperature.

3.4. Compressive strength

The results of compressive strength of lightweight concrete
containing calcined DE pressed cube are shown in Fig. 6. The com-
pressive strength tended to increase slightly with the increasing
calcination temperature of CA up to 800 �C and increased signifi-
cantly when calcined at 1000 �C. For example, the 28-day compres-
sive strengths of series 70FA mixes with 25, 400, 600, 800, and
1000 �C calcined CA were 8.1, 8.0, 8.6, 8.8, and 12.9 MPa, respec-
tively. At calcination temperature below 500 �C (Fig. 4), the kaolin-
ite (clay) in the uncalcined DE (UC) and CA400 was unstable and
could swell when mixed with water [20]. A number of researches
suggested the calcined temperatures between 600 and 800 �C as
optimum calcined temperature for the pozzolanic property of DE

Fig. 2. Pressed lightweight concretes (a) 0FA, (b) 30FA, and (c) 70FA.

Fig. 3. SEM photomicrographs of diatomite.
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[9,19,21]. The CA1000 mix showed the highest compressive
strength due to the appearance of mullite which was stable and
strong mineral.

With regards to aggregate sizes, the mixes with a high amount
of FA showed high compressive strength compared to those with
the low amount of FA. For example, the 28-day compressive
strengths of series 0FA, 30FA, and 70FA of CA1000 mixes were
10.0, 12.1, and 12.9 MPa, respectively. The use of FA aggregate with
high surface area resulted in the better bonding of matrix and
aggregate than that of CA and led to an increase in strength [22].
Furthermore, the FA was calcined at 600 �C and thus possessed
pozzolanic property which also contributed to the strength devel-
opment of the lightweight concrete.

3.5. Density

The results of the density of lightweight concretes with calcined
diatomite are shown in Fig. 7. The increased in calcined tempera-
ture resulted in DE with a slightly reduced density compared with
that of the uncalcined DE, due to the calcination of burnable ele-
ments [9]. For example, the density of lightweight concretes with
UC, CA400, CA600, CA800, and CA1000 of 30FA series were 1313,
1219, 1169, 1222, and 1139 kg/m3, respectively. The density also
increased with the increasing amount of FA due to the relatively
high densities of FA of 600 k/m3 compared with the lower values
of MA and CA of 425 and 417 k/m3, respectively (Table 1). The den-
sities of series 0FA, 30FA, and 70FA mixes with CA1000 were 1070,
1139, and 1238 kg/m3, respectively. For 70FA series, the high
amount of FA filled the space in the matrices and made concrete
more compact and stronger than those using low amount of FA.

3.6. Porosity and water absorption

The results of porosity are shown in Fig. 8. The porosities at the
age of 28 days were not very different and were between 59.0% and
61.2%. The results, however, indicated that the porosities slightly
decreased with the increase in the amount of FA. For example,
the porosities at 28 days of series 0FA, 30FA, and 70FA of CA1000
mixes were 60.30%, 60.12%, and 59.42%, respectively. The results
of water absorption were similar to those of porosity as shown in
Fig. 9. There was an indication that the water absorption values re-
duced with the increase in the amount of FA. The water absorption
at 28 days of CA800 mixes of series 0FA, 30FA, and 70FA were
67.46, 66.73, and 66.06%, respectively. This was due to the increase
in the surface area and reduction in the porosity of the concrete
containing high amount of FA.

3.7. Thermal conductivity

The results of the thermal conductivity of lightweight con-
cretes are shown in Fig. 10. The thermal conductivity slightly de-
creased with the increasing calcined temperature of DE. For
example, the thermal conductivity of the concretes with UC,
CA400, CA600, CA800, and CA1000 of series 0FA were 0.184,
0.157, 0.145, 0.130, and 0.151W/mK, respectively. The reduction
was due to the ridding of water molecule and other burnable
minerals in aggregate with high calcination temperature [9]. In
addition, the increase in calcined temperature of DE resulted in
a decrease in density of pressed lightweight concrete and also a
decrease in thermal conductivity. The reduction in the thermal
conductivity is rather attractive thermal property on this light-
weight concrete. For the calcinations at high temperatures of
CA600, CA800, and CA1000 mixes, there was an indication that
the thermal conductivity increased with the increasing amount
of FA.

The thermal conductivity values of series 0FA, 30FA, and 70FA
mixes with CA800 were 0.130, 0.148, and 0.159W/mK, respec-
tively. The thermal conductivity increased with the increasing of
FA due to the increases in the filling of voids of small aggregate
and the increase in the bonding of the small aggregate and the ma-
trix due to increased surface area and pozzolanic property of the
aggregate.

3.8. Relationship of compressive strength, thermal conductivity,
density, and calcined temperature

The relationship between compressive strength and calcined
temperature of lightweight concrete was presented by Eq. (3)
and shown Fig. 11. The compressive strength increased with the
increasing calcined temperature [9,19].
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f 0c ¼ ð1� 10�0:5ÞT2 � 0:0067T þ 7:7068 ð3Þ
where f 0c is compressive strength (MPa) and T is the calcined tem-
perature of DE (�C).

The relationship between density and thermal conductivity was
linearly described by Eq. (4) and is shown in Fig. 12. The thermal
conductivity increased with the increasing density [23,24] as the
thermal conductivity depends on the density of concrete [25].
The increases in density of pressed lightweight concrete resulted
in dense and packed structure and likewise an increase in the
thermal conductivity. The values of thermal conductivity were
between 0.130 and 0.184W/mK with the corresponding densities
between 1000 and 1200 kg/m3 and were similar to the previously
published results of 0.2–0.3 W/mK for low-strength lightweight DE
concrete for thermal insulation [14].

k ¼ 0:0001W � 0:0069 ð4Þ
where k is thermal conductivity (W/mK) and W is Density of light-
weight concrete (kg/m3).

In addition, the relationship of thermal conductivity and cal-
cined temperature of DE was obtained from Eq. (5) and shown in
Fig. 13.

k ¼ 0:2236T�0:058 ð5Þ
where k is thermal conductivity (W/mK) and T is the calcined tem-
perature of CA (�C).

It was demonstrated that DE could be used to make pressed
lightweight concrete with densities of 1000–1200 kg/m3 and rea-
sonably high strengths of 7.8–12.9 MPa.

4. Conclusion

Based on the obtained data, the following conclusions can be
draw.

(1) DTA and TG curves of DE indicated that the optimum cal-
cined temperature for reactive diatomite should not be less
than 500 �C which was consistent with XRD results of DE
calcined at 600 �C where the kaolinite and nontronite peaks
disappeared. At 1000 �C, the appearance of peak of mullite
which was stable and strong indicated the strong aggregate.
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(2) The use of calcined DE aggregate increased compressive
strength, and reduced density, and thermal conductivity
compared to those with uncalcined DE. The porosity and
water absorption of concrete were less affected and the
results of concrete with various calcined temperatures were
similar.

(3) The calcined temperatures should be 600 �C for fine and
medium aggregate to obtain the pozzolanic property; and
1000 �C for coarse aggregate to obtain good strength.

(4) The use of calcined DE is considered very attractive as the
improvement in strength, density and thermal conductivity
are very important.
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Abstract: This article presents a study on the resistance to chloride penetration, corrosion, porosity, and strength of

mortar containing fine fly ash (FA), ground rice husk-bark ash (RB), and ground bagasse ash (BA). Ordinary Portland

cement (CT) was blended with a single pozzolan and two pozzolans. Strength, porosity, rapid chloride penetration,

immersion, and corrosion tests were performed to characterize the mortar. Test results showed that the use of ternary

blends of CT, FA, and RB or BA decreased the porosity of the mortar, as compared with binary blended mortar containing

CT and RB or BA. The resistance to chloride penetration of the mortar improved substantially with partial replacement

of CT with FA, RB, and BA. The use of ternary blends of CT, FA and RB or BA produced the mortars with good

strength and resistance to chloride penetration. The resistance to chloride penetration was higher with an increase in the

replacement level due to the reduced calcium hydroxide.

Keywords: mortar; pozzolanic materials; strength; porosity; chloride penetration; agricultural wastes

1. Introduction
Nowadays, researchers are interested in the properties

of waste materials from industrial and agricultural produc-

tion because the waste materials can substitute for some

part of cement in order to reduce the amount of cement

usage. Several attractive waste materials, such as fly ash,

rice husk ash, palm oil fuel ash, and bagasse ash are con-

sidered for producing concrete [1-5]. These materials are

pozzolanic materials containing silica and/or alumina com-

pounds, which can develop additional pozzolanic reaction.

Therefore, it is possible to have an appropriate mix pro-

portion between cement and pozzolanic materials for pro-

ducing good and strong concrete compared with normal

concrete [6]. In addition, the pozzolanic materials can fur-

ther contribute to the increase in durability of concrete.

In Thailand, industrial and agricultural by-products

are used as fuel sources for the generation of power in in-

dustrial plants. Residues from the process are waste ashes,

such as fly ash, rice husk-bark ash, bagasse ash, and palm

oil fuel ash. These ashes cause unpleasant environment

for nearby communities. This problem can be solved by

adding value to the waste ashes and reuse them. Fly ash

is the most used pozzolanic material in the construction

industry. The other pozzolans are now receiving more at-

tention, and the studies of the properties of these pozzolans

are needed. The purpose of this research is to study and

develop the waste ashes for use as pozzolans. The infor-

mation is critical for the construction industry to accept

and utilize these new pozzolans. Besides, the pollution and

environmental problems will be alleviated.

2. Experimental

2.1. Materials
Portland cement type I (CT), fly ash (from Mae Moh

power plant in Thailand), bagasse ash (from a sugar mill),

rice husk-bark ash (from a small power plant), and type-F

superplasticizer (SP) were the materials used in this re-

search. Graded river sand passing through a standard sieve
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with the fineness modulus of 2.85 and the density of 2.65

g/cm3 was used as a fine aggregate. Fine fly ash (FA) was

obtained from the classification of original fly ash with 3%

retained on the sieve No. 325 (opening 45 μm). Bagasse

ash (BA) and rice husk-bark ash (RB) were ground by a

ball mill until 3% weight retained on the sieve No. 325.

The physical properties of the pozzolans are given in

Table 1. The Blaine finenesses of CT, BA, RB, and FA

were 3600, 12500, 12000, and 5800 cm2/g, respectively.

The densities of CT, BA, RB, and FA were 3.14, 2.24,

2.25, and 2.46 g/cm3, respectively. The median particle

sizes of the material used from the finest to the coarsest

are given as follows: FA 16 μm, RB 19.5 μm, BA 16.4 μm,

and CT 16 μm. The chemical constituents of the pozzolans

are given in Table 2. In addition, the SEM images of the

materials are shown in Fig. 1.

Table 1. Physical properties of CT, FA, RB, and BA

Raw materials Median particle size, d50 / μm Retained on sieve No.325 / wt% Density / (g·cm−3) Blaine fineness / (cm2·g−1)

CT 21 — 3.14 3600

FA 16 3 2.46 5800

RB 19.5 3 2.25 12000

BA 16.4 3 2.24 12500

Table 2. Compositions of CT, FA, RB, and BA wt%

Raw materials CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 LOI SiO2+ Al2O3+ Fe2O3

CT 54.98 25.1 5.5 5.9 3.4 0.5 4.7 0.9 —

FA 11.57 45.1 17.2 13.4 6.8 1.8 2.2 2.5 75.7

RB 5.5 76.3 1.6 1.5 0.01 3.9 0.9 8.24 79.4

BA 8.5 64.7 4.8 3.2 0.01 2 0.9 17.5 72.7

Fig. 1. SEM images of (a) fine FA, (b) ground rice husk-bark ash (RB), and (c) ground bagasse ash (BA).

2.2. Mix proportions and curing

Ordinary Portland cement (CT) was partially replaced

with 0-40% of pozzolans. In addition to a single pozzolan, a

blend of equal weight portion of FA and RB (FARB) and

a blend of equal weight portion of FA and BA (FABA)

were also used. Sand-to-binder ratios of 2.75 by weight

and water to binder ratio (W/B) of 0.5 were used. SP was

incorporated in order to obtain mortar mixes with a simi-

lar flow of 110% ± 5% in accordance with ASTM C109 [7].

The cast specimens were covered with polyurethane sheet

and damped cloth and placed in a (23 ± 2)◦C chamber.

They were demolded at the age of 1 d and cured in water

at (23 ± 20)◦C. The mortar mix proportions are given in

Table 3.

2.3. Compressive strength
The 50 mm cube specimens were prepared in accord-

Table 3. Mortar mix proportions

Mix symbol CT FA RB BA

CT 100 — — —

20FA 80 20 — —

40FA 60 40 — —

20RB 80 — 20 —

40RB 60 — 40 —

20BA 80 — — 20

40BA 60 — — 40

20FARB 80 10 10 —

40FARB 60 20 20 —

20FABA 80 10 — 10

40FABA 60 20 — 20
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ance with ASTM C109 [7]. They were tested at the ages

of 7, 28, and 90 d. The reported results are the average of

three samples.

2.4. Porosity test
The porosity tests were tested at the ages of 7, 28,

and 90 d in accordance with ASTM C39 [8] using cylin-

drical specimens with 100 mm in diameter and 200 mm

in height. The cylindrical specimens were cured in water

for 7, 28, and 90 d and were cut into 50 mm thick slices

discarding the two ends. Then, they were dried at (100 ±

5)◦C until their weights were constant. They were placed

in the desiccators under vacuum for 3 h before they were

immersed in the de-aired distilled water in order to obtain

the saturated concrete samples. The porosity is calculated

by the following equation:

p =
Wa −Wd

Wa −Ww
× 100% (1)

where p is the effective porosity, Wa is the saturated spec-

imen weight in air (g), Wd is the dried specimen weight

after 24 h in the oven at (100 ± 5)◦C (g), and Ww is the

specimen weight in water (g). The reported results are the

average of two samples.

2.5. Rapid test on resistance to chloride penet-
ration

The φ 100 mm × 200 mm cylinders were prepared in

accordance with ASTM C39 [8]. They were tested at the

age of 28 d. After being cured in water until the age of

27 d, they were cut into 50 mm thick slices with the 50

mm ends discarded. The 50 mm slices were epoxy-coated

around the cylinder.

2.5.1. Rapid chloride penetration test
The epoxy-coated specimens were conditioned and

tested at the age of 28 d for rapid chloride penetration

test (RCPT) in accordance with the method described in

ASTM C1202 [9]. The reported results are the average of

two samples.

2.5.2. Immersion test
To confirm the results, actual chloride penetration of

mortar immersed in NaCl solution was performed. The

test set-up was similar to that described in RTA T263 [10]

with the exception that φ100 mm × 50 mm cylinder and

3% NaCl solution were used. Chloride penetration fronts

into mortar specimens were determined using 0.1 mol/L

AgNO3 solution [11]. The φ100 mm × 50 mm slices were

epoxy-coated at the top as well as around the cylindrical

slice. The specimens were immersed at the age of 28 d and

kept immersed for 30 d.

2.6. Accelerated corrosion test with impressed
voltage

The mortar prisms of dimensions 40 mm × 40 mm ×

160 mm with embedded steel of 9 mm in diameter and 195

mm in length were used for this test (anode). The steel

was secured such that it protruded from the top surface of

the prisms by 15.5 mm, thus provided a sufficient mortar

cover of 15.5 mm at the bottom and the side of the prism,

as shown in Fig. 2. The mortar prisms were subjected to

the accelerated corrosion test with impressed voltage us-

ing a 5% NaCl solution and a constant voltage of 12 V dc

(cathode). The condition of concrete was monitored visu-

ally at the interval of 4 h, and the time of initiation of first

crack was recorded. This is used as a measurement of the

specimen’s relative resistance against chloride attack and

reinforcement corrosion [12-13].

Fig. 2. Accelerated corrosion test with impressed volt-

age.

3. Results

3.1. SP requirement of mortar

The test result of the amount of SP required for the

mortar component is shown in Table 4. The use of FA re-

duced the SP requirement as the FA particles were spher-

ical and exerted the ball bearing effect to produce mortar

with improved workability. The RB mortar required more

SP than CT mortar because of the high fineness and

porosity of RB. The SP required for CT, 20RB and 40RB

mortars were 0.22%, 0.28%, and 2.5%. Similar increases in

the water requirement and/or SP content of RB mortars

were reported [14-15]. The increase in the SP requirement

was partly due to the high loss of ignition of 8.24% for RB.

For the BA, the amount of SP required further increased to

1.2% for the 20BA mortar and 3.8% for the 40BA mortar.

The increase in SP requirement was due to the increase in

loss on ignition (LOI) as the loss on ignition (LOI) of BA

was rather high at 17.5%. For the ternary blended system

(TBS), the SP requirements were intermediate between

those of single pozzolan mortar (binary blended system,

BBS). The SP requirements of FA + RB mortars were

between those of FA and RB mortars, and the SP require-

ments of FA + BA mortars were between those of FA and
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Table 4. Compressive strength of mortars

Mix SP / %
Compressive strength / MPa — Normalized / %

7 d 28 d 90 d

CT 0.22 42.9 — 100 45.3 — 100 48.8 — 100

20FA 0.14 37.6 — 88 41.9 — 92 47.4 — 97

40FA 0.10 36.0 — 84 40.7 — 90 46.5 — 95

20RB 0.28 36.6 — 85 40.4 — 89 44.8 — 92

40RB 2.50 35.3 — 82 39.5 — 87 43.5 — 89

20BA 1.20 35.5 — 83 38.9 — 86 42.9 — 88

40BA 3.80 32.2 — 75 38.1 — 84 41.6 — 85

20FARB 0.24 38.1 — 89 41.4 — 91 46.3 — 95

40FARB 1.40 37.6 — 88 40.7 — 90 45.5 — 90

20FABA 0.72 36.1 — 84 41.0 — 91 46.1 — 94

40FABA 2.10 35.2 — 88 39.7 — 91 45.5 — 93

BA mortars.

3.2. Compressive strength
The results of compressive strengths and their percent-

ages are shown in Table 4. The strength of the CT mortar

at 7, 28, and 90 d were 42.9, 45.3, and 48.8 MPa, respec-

tively. The strength of FA, RB, and BA mortars tested at

7 d were 83%-88% of that of CT mortar at the same age.

At 28 and 90 d, they were 86%-92% and 88%-97%, respec-

tively. The slight increase in the percentage strength was

due to the pozzolanic reaction, which contributed to the

strength development at the later age. The FA, RB, and

BA could be used as pozzolanic materials because their

strength indices or strength percentages were higher than

75% as required by ASTM C618 [16].

For the ternary blended mortars (two pozzolans), the

test results showed good trend of strength development in

comparison with the binary blended (single pozzolan). For

example, the normalized 7-d strength of 40FARB mortar

was 88%, higher than 84% of 40FA mortar and 82% of

40RB mortar. The normalized 7-d strength of 40FABA

mortar was 84%, higher than 75% of 40RB mortar. The

use of the ternary blended system (TBS) improved the

strength development of mortar through the synergic ef-

fect of two pozzolans [17-19].

3.3. Porosity

The porosity percentage in this topic was examined

by the division basis of a vacuum pump, as in previous

researches [3, 13]. The values of porosity at 7, 28, and

90 d were calculated by Eq. (1), as shown in Fig. 3. The

porosity reduced with curing time, which was as expected

due to the addition hydration and pozolanic reaction. The

incorporation of pozzolans increased the porosity of mor-

tars, and the increase was more with the increase in the

replacement level. At the same replacement level, the in-

crease in porosity was the largest with the use of BA, and

this was followed by RB and FA. The incorporation of fly

ash increased the total porosity of the paste with pore re-

finement [20]. Similar increase in the porosity of pastes

with the use of pozzolans was also reported in Refs. [3,

13]. The RB and BA were very fine pozzolans with some

pores remained in the particles [1, 3]. Their uses, there-

fore, resulted in the increase in the porosity of mortars.

The large increase in porosity of BA mortar was due to

the large content of loss on ignition (LOI), which consisted

of numerous pores in the remainder of the unburnt or not

completely burnt portions.

Fig. 3. Porosity of mortars.

For the ternary blended system or TBS (two poz-

zolans), the porosity of mortars also increased compared

with the control mortar. However, the porosity of TBS

mortars was significantly lower than that of the corre-

sponding mortar mixed with a single pozzolan (RB or BA)

especially at the later age of 90 d. For example, the poros-

ity of 20FARB at 90 d was 11.25%, as compared with 10.5%

of 20FA mortar and 13.0% of 20RB mortar. Also, the

porosity of 20FABA at 90 d was 11.5%, as compared with

14.0% of 20BA. The reduction in porosity was a result of

the FA inclusion and its synergy effect with the other poz-

zolan. The use of TBS slightly increased the porosity of

mortars and possibly led to the strength reduction [20-21].

Khatib and Mangat [22] reported that if the porosity is

increased, the strength will be generally decreased. How-

ever, the increase in porosity was accompanied with pore

refinement, which could offset the strength reduction and

enhance the durability of the mortar. The porosities in this
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study were in the range of 9.8%-19.8%, and the strengths

were between 32.2 and 48.8 MPa.

3.4. Chloride resistance
Three kinds of test methods for resistance to chloride

were studied to compare and reinforce the finding.

3.4.1. Rapid chloride penetration test (RCPT)
The rapid chloride penetration test (RCPT) as per

ASTM C1202 [9] was conducted for the mortar samples at

the age of 28 d. Fig. 4 shows the test specimens’ prepa-

ration and the test device installation. Normally, the test

used electric current and may cause the heat problem es-

pecially with mortar specimens with rather high coulomb

passed [23]. In this research, the mortar strengths were

reasonably high (32.2-42.9 MPa), and the developed heat

was acceptable.

Fig. 4. Rapid chloride penetration test (RCPT) re-

sults.

The test results of RCPT are shown in Fig. 4. The

chloride penetration was significantly reduced when the

pozzolanic materials were used to partially substitute Port-

land cement. Similar finding was also reported by other re-

searchers [3, 19, 23]. The main composition of RB and BA

was SiO2 [15, 24]. The product derived from the pozzolanic

reaction between Ca(OH)2and SiO2 was calcium silicate

hydrate (CSH) [25], which reduced the total Ca(OH)2 in

the system and increased the mortar durability. The chlo-

ride penetration of CT mortar was 4500 C. The chloride

penetration of 20FA and 40FA mortar reduced to 2235

and 2230 C. The incorporation of pozzolans, such as fly

ash, reduced the Ca(OH)2 in the system and enhanced the

resistance to chloride penetration [23, 26-27]. The use of

20% and 40% RB reduced the chloride penetration of mor-

tars compared with those FA mortars. The chloride pen-

etrations of 20RB and 40RB mortars were 1950 and 1560

C. The chloride penetrations of 20BA and 40BA mortars

were the lowest at 1230 and 1180 C. The increases in the

resistance to chloride penetration were due to low calcium

oxide and high SiO2 contents of both RB and BA, result-

ing in increased CSH and reduced calcium in the system.

The incorporation of pozzolans resulted in CSH gel with

reduced calcium to silicate ratio (C/S ratio) and increased

the durability of mortar [28].

For the ternary blended system (TBS), the results,

as shown in Fig. 4, indicated that the chloride penetra-

tions of the TBS mortars were also significantly reduced,

as compared with that of the CT mortar. The chloride

penetrations of the TBS mortars were only 1460-1620 C,

which were lower than those of FA mortars and the 20RB

mortar.

3.4.2. Immersion test
The results of the chloride depth test are shown in

Fig. 5. The results conformed with the RCPT ones and

the difference was the order of magnitude. The chloride

depth of CT mortar was 18.5 mm and reduced to 17.5 and

16.0 mm with the incorporation of 20% and 40% of FA.

The chloride depths of 20RB and 40RB mortars were 17.5

and 15.5 mm and were comparable to those of FA mortars.

The incorporation of BA significantly reduced the chloride

depth of the mortars and suggested that the most effective

pozzolanic material for the chloride resistance was BA.

Fig. 5. Chloride depth by immersion test.

For the ternary blended system (TBS), the chloride

depths were generally reduced compared with the binary

blended system (BBS) mortars. The chloride depths of the

TBS mortars were 13.5-14.5 mm, which were only slightly

higher than the lowest values of BA mortars of 12.5-13.5

mm. This again confirmed the synergy effect of the fine

pozzolans in the ternary system [17, 23].

3.5. Time to the first crack

The test results of time to the first crack of mortars

are shown in the Fig. 6. The time to the first crack of CT

mortar was 72 h and increased with the incorporation and

amount of pozzolan. The times to the first crack of 20FA

and 40FA increased slightly to 84 and 90 h compared with

that of the control mortar. The times to the first crack of

20RB and 40RB increased further to 98 and 110 h. The

times to the first crack of 20BA and 40BA mortars were

the highest at 122 and 130 h. The results clearly showed

that the incorporation of pozzolans effectively increased

the resistance to chloride attack as indicated by the in-
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creased time to the first crack. For the binary blended

system (BBS), the incorporation of BA was most effective

and followed in turn by RB and FA.

Fig. 6. Time of the first crack of mortars.

For the ternary blended system (TBS), the times to

the first crack of the TBS mortars were significantly longer

than that of the CT mortars. The times to the first crack of

20FARB, 20FABA, 40FARB, and 40 FABA mortars were

105-116 h compared with 72 h of the CT mortar. The

times to the first crack of 20FARB and 40FARB mortars

were relatively high and comparable to those of 20RB and

40RB mortars. The times to the first crack of 20FABA

and 40 FABA were slightly lower than those of 20BA and

40 BA. The pozzolanic reaction enhanced the durability

of pastes through the reduction in pore size and the cavi-

ties [29]. The small particles of pozzolan also acted as the

nucleation sites for accelerating the hydration reaction in

the cement plate [30]. The results confirmed the synergic

effect of the two pozzolans system [17]. Fig. 7 shows the

mortar prism after the test of time to the first crack.

Fig. 7. Samples after the test of time to the first crack.

All test results confirm the finding that the waste

ashes derived from the industrial and agricultural pro-

duction, namely, fly ash, rice husk-bark ash, and bagasse

ash are effective pozzolanic materials and suitable for use

as supplementary cementitious materials. The use of the

ternary blended system (TBS) with FA blended with RB

or BA is very attractive. The results suggested a better

performance of the ternary blend compared with the bi-

nary blend considering strength, porosity, and resistance

to chloride penetration.

In summary, the use of the ternary blended sys-

tem (TBS) improved the strength development of mortars

through the synergic effect of two pozzolans. This is due

to the better dispersion and filler effect of the finer fly ash

despite the higher pozzolanic activity. This makes the mor-

tar denser and, hence, better resistant to the ingression of

chloride. The incorporation of fly ash adds additional dis-

persing effect of cement grains as well as the other fine poz-

zolan particles. The use of fly ash reduced the SP require-

ment as the fly ash particles were spherical and exerted

the ball bearing effect to produce mortars with improved

durability. In addition, the high SiO2 contents of both rice

husk-bark ash and bagasse ash result in increased CSH

and reduced Ca(OH)2 in the system. The product derived

from the pozzolanic reaction between Ca(OH)2and SiO2

was CSH, which reduced the total Ca(OH)2 in the system

and increased the mortar durability.

4. Conclusions
From the test, it can be concluded that FA, RB, and

BA can be used as pozzolans to replace part of Portland ce-

ment in making mortars with relatively high strength and

good resistance to chloride penetration. Test results also

indicate that the use of the blend of pozzolans in the equal

portion of BA and FA, and RB and FA also effectively im-

proves the mortar in terms of strength and resistance to

chloride penetration. The improvement is due to the dis-

persing effect of fly ash and the synergic effect of the blend

of fine pozzolans.
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Lead zirconate titanate (PZT)-fly ash geopolymer pastes composites of 0–3 connectivity
were fabricated using 30–50% by volume. The mineralogical compositions of fly ash
geopolymer materials were investigated using X-ray diffraction (XRD). The 10 mol
sodium hydroxide solution and sodium silicate solution at a sodium silicate-to-sodium
hydroxide ratio of 0.67 were used to prepare geopolymer pastes. The pastes were cured
at 60◦C for 2 days. The results showed that the dielectric constant of PZT-fly ash
geopolymer pastes composites decreased with increasing PZT content at 1 KHz. The
dielectric properties of PZT-fly ash geopolymer pastes composites were also found to
depend on the frequency.

Keywords Dielectric properties; PZT; fly ash geopolymer; composite

1. Introduction

The use of a structural material for electronics enables a structure to provide electronic func-
tions, thereby making the structure multifunctional and smart [1]. Ferroelectric materials
are the active components in a wide variety of piezoelectric devices used in the biomedical,
military, aerospace and electronics industries [2]. An important piezoelectric material is lead
zirconate titanate (PZT) due to its advantageous properties and well-characterized behavior
[3]. Cement-based piezoelectric composite has good compatibility with civil engineering’s
main structural material [4]. The advantage of using composites such as the cement-based
piezoelectric composites are a better match to the host, concrete, than normal piezoelectric
ceramic or other types of piezoelectric composites. In 2002, PZT-cement composites of
0–3 connectivity were fabricated using the mixture and spread normally [5]. PZT-cement
composites are able to solve problems that cannot be matched.
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0–3 Lead Zirconate Titanate-Geopolymer Composites [205]/85

Current global warming and climate change affecting the world is one of the most
important issues that were raised. CO2 release from industries is the main cause of global
warming. Cement industry is a major contributor to CO2 emissions and therefore should be
improved by the reduction of the consumption of Portland cement. In the past few years,
cement mixed with cement or pozzolanic materials are widely used in cement and concrete
construction by replacing part of the cement. Because fly ash (FA) has been widely used
to replace cement with silica fume (SF) and other natural pozzolanic materials require less
water or can be used to great success [6]. On one hand, fly ash has been recognized as an
important construction material since it benefits the environment and the interests of the
engineering [7].

Fly ash is the fine portion of coal combustion by-products produced at power-generating
stations and collected from flue gases by electrostatic precipitators [8]. In Thailand, the
annual output of lignite fly ash from Mae Moh Power Station is around 3.0 million tons.
Approximately 1.8 million tons are used as pozzolanic materials in the concrete industry.
The level of fly ash replacement is normally restricted to less than 30% of Portland cement.
Around 1.2 million tons are left over and discarded at landfill sites [9]. This lignite fly ash
contains a reasonable amount of silica and alumina and can be used as a source material
for making geopolymers [9–11]. Other materials containing high amount of silica and/or
alumina such as metakaolin [12], bottom ash [13], and rice husk ash [14] are also suitable
for being used as source materials for making geopolymers.

Aluminosilicate inorganic polymers, also called geopolymers [15]. The materials
formed under high alkali conditions from aluminosilicate solid and alkali silicate solu-
tions [15]. The geopolymer is a type of cross-linked long-chain inorganic polymer material
between tetrahedral [AlO4] and [SiO4] units, built in three-dimensional structures. The link-
ages of [AlO4] and [SiO4] units require charge balancing from alkali ions such as Li+, Na+,
and K+. The mechanism of the existence of alkali ions in the molecular structure of geopoly-
mer materials is not clearly understood at present. Usually, the accustomed viewpoint is that
alkali metal ions play a charge-balancing role or are actively bonded to the matrix. Hence,
the typical geopolymer composition is usually expressed as nM2O·Al2O3·xSiO2·yH2O (M
is an alkali metal element such as Li, Na, or K) [16]. Geopolymer fabrication is one of the
efficient methods to form the fast inorganic ionic conductor owing to free sintering and
low cost. Hydroxide and water molecules in a geopolymer material are the most important
factor influencing the dielectric property and their electrical conductivity at room tempera-
ture [16]. Free alkali metal ions are also expected to play an important role in the electrical
properties of geopolymer materials. Therefore, this investigation aimed at studying the
dielectric properties in a frequency range of 1–100 kHz of PZT-fly ash geopolymer pastes
composites.

2. Experimental

Lignite high calcium fly ash from Mae Moh Power Plant in the North of Thailand was used
for this study. Its particle size distribution, chemical and mineralogical compositions were
investigated. Sodium silicate to sodium hydroxide ratio of 0.67 and 10 mol NaOH solution
were used as alkali solutions.

Lead zirconate titanate, Pb(Zr0.52Ti0.48)O3. PZT solid solutions were pressed with an
applied pressure using uniaxial press and sintered at 1200◦C for 2 h. PZT ceramic median
particles size of 425 μm were used in this investigation [17].

The compositions of fly ash geopolymer pastes representing as SiO2/Al2O3,
Na2O/SiO2, Na2O/Al2O3, and H2O/Na2O ratios are shown in the ratio of liquid alkali
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86/[206] S. Kantakam et al.

Figure 1. Dielectric constant of PZT-FA geopolymer composites at frequency for 1–100 kHz.

solution to fly ash(L/A) of 0.4. The 0–3 composites were produced by first mixing fly ash
(FA) and PZT ceramic using PZT at 30%, 40% and 50% by vol. The NaOH solution was
then added to the mixture and mixed for 5 min and the sodium silicate solution was added
to the mixture and mixed for another 5 min and the sodium silicate to sodium hydroxide
ratio of 0.67 were used. After mixing, the alkali activated fly ash paste was cast in a 15-
mm-diameter and 2-mm-thick plastic mould. The cast samples were left standing in the
25◦C control room for 1 h. It was then sealed to avoid the loss of water and put to cure in a
controlled chamber at 60◦C for 48 h. The surfaces of the specimens were coated with silver
paint for dielectric property measurements.

The mineralogical and phase compositions of fly ashes and geopolymer specimens were
investigated using X-ray diffraction (Philips PW 1792) using Ni-filtered Cuk radiation.
Thereafter, the composites were coated silver paint. The capacitance and dielectric loss
tangent were measured with a LCZ-meter (Hewlett Packard, model 4276A) under stress
free at room temperature (25◦C) with frequency of 100–100000 Hz. The dielectric constant
was then calculated from a parallel plate capacitor equation, e.g. εr = Cd/ε0A, where C
is the capacitance of the sample, d and A are the thickness and the area of the electrode,
respectively, and ε0 is the dielectric permittivity of vacuum [18].

3. Results and Discussion

The dielectric properties, e.g. dielectric constant, εr and dielectric loss, tanδ, of the PZT-FA
geopolymer composites (PZT-FA geopolymer 30/70, 40/60 and 50/50 vol%) were measured
and plotted versus the frequency at room temperature, as shown in Figures 1 and 2, it can
be seen that the dielectric constant and the dielectric loss decreases sharply with increasing
frequency. The dielectric constant values of the composites are significantly higher at low
frequency. With increasing frequency, some polarizations, especially interfacial polariza-
tions cannot follow the change of electric field because of the long time for the construction
of space charge polarization. Therefore, the dielectric constant of the composites is lower at
high frequency [19]. Dielectric constant, εr value of 30% PZT composite is 1840 at 1 kHz

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 0

0:
36

 2
3 

D
ec

em
be

r 2
01

3 



0–3 Lead Zirconate Titanate-Geopolymer Composites [207]/87

Figure 2. Dielectric loss of PZT-FA geopolymer composites at frequency for 1–100 Hz.

and 188 at 100 kHz (Fig. 1). Dielectric loss, tanδ value of 30% PZT composite is 5.9 at
1 kHz and 1.2 at 100 kHz (Fig. 2).

The variation of dielectric properties, e.g. the dielectric constant, εr and dielectric loss,
tanδ as a function of content of PZT has been studied at the frequency of 1 kHz and the
results are plotted in Figure 3, it can be seen that there is roughly nonlinear decrease of
the dielectric constant values of the composites as a function of the PZT content where εr

value of 1834.2 (30% PZT), 1706.2 (40% PZT) and 1017.6 (50% PZT). From the previous
studies the dielectric constants at 1 kHz of geopolymer pastes and PZT are found to be ≈1
× 105 and ≈1 × 103, respectively [4, 20]. The dielectric loss was found to reduce with
increasing PZT content where tanδ value = 5.9, 4.3 and 3.2 for 30%, 40% and 50% PZT,
respectively.

Figure 3. Effect of PZT content on dielectric constant and dielectric loss of PZT-FA geopolymer
composites at frequency for 1 kHz.
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88/[208] S. Kantakam et al.

4. Conclusion

0–3 PZT-FA geopolymer composites (PZT percentages of 30, 40, and 50 by volume) were
prepared using PZT ceramic and FA geopolymer paste. Both the εr and tanδ decreases
with increasing frequencies from 1–100 kHz. At 1 kHz, εr value can be seen to decrease
from 1834.2 to 1017.6 (30% to 50% PZT) and tanδ value reduced from 5.9 to 3.2 (30%
to 50% PZT). The dielectric constant decreases with increasing content of PZT in PZT-FA
geopolymer composites system.
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� Akadémiai Kiadó, Budapest, Hungary 2013

Abstract This study reports the microstructure character-

istic and compressive strength ofmulti-blended cement under

different curing methods. Fly ash, ground bottom ash, and

undensified silica fume were used to replace part of cement at

50 %bymass.Mortar andpaste specimenswere cured in air at

ambient temperature, water at 25, 40, and 60 �C and sealed

with plastic sheeting for 28 days. In addition, these specimens

were cured in an autoclave for 6, 9, and 12 h.Results indicated

that the compressive strength of multi-blended mixes con-

taining silica fume10 %bymass curedwith plastic sealed and

cured inwater at 25 and 40 �Cwas similar to or higher than the

corresponding Portland cement control at 28 day. Moreover,

themixes containing silica fume 10 % bymass cured in water

at 60 �C had higher compressive strength than Portland

cement control. X-ray diffraction and thermogravimetry

results confirmed that there was increased pozzolanic reaction

with increasing silica fume content which relates to the

increasing in strength. For autoclaved curing, the compressive

strength of multi-blended cement specimens with silica fume

(total of 50 % replacement) was noticeably higher than con-

trol Portland cement mix and was highest when autoclaving

time was 9 h. X-ray diffraction results showed the pattern of

0.9, 1.1, and 1.4 nm tobermorite crystalline phases as themain

product of this curing. Thermogravimetry results showed

dehydration of 1.4 nm tobermorite and 1.1 nm tobermorite at

about 80–90 and 135–150 �C, respectively. Tobermorite (also

shown by scanning electron microscope) thereby as a result

lead to significant compressive strength improvement in the

short time of autoclaved curing.

Keywords Blended cement � Fly ash � Bottom ash �
Silica fume � Microstructure � Compressive strength

Introduction

The production of Portland cement is one of major con-

tributor to CO2 emission which implicated to global

warming and climate change hence it should be improved

and reduced. The reduction of cement consumption by

mean of using Portland cement replacement materials has

been widely investigated. Pozzolanic materials such as fly

ash (FA), granulated blast furnace slag (GGBS), silica

fume (SF), and other natural pozzolan materials are widely

used to replace part of Portland cement as blended cement.

Many researchers have studied high-volume fly ash

(HVFA) as a Portland cement replacement (binary blended

cement) in mortar or concrete but only a few studies have

been carried out to determine properties of multi-blended

cement at high level (volume) content. In commercial

practice, the dosage of FA is limited to 15–20 % by mass

of the total cementitious material while HVFA generally

has 50 % or more of FA by mass of the cementitious

material [1]. However, the strengths of HVFA concrete are

lower than that of only Portland cement concrete (PC) at

early age [2–6].

SF is widely used as a pozzolanic materials in blended

cement or as a mineral admixture in high strength concrete

(HSC) due to its high reactivity thus can give strength at

early age compared with FA or other mineral admixtures.
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SF particle is the nano size range (&100 nm) and con-

tained more than 85 % of SiO2 in amorphous form. Pre-

vious studies [7–10] reported that the utilization of nano

size range material as cement replacement or admixture

materials have been found to improve physical and

mechanical properties of Portland cement, especially

blended cement with pozzolanic materials. However, the

usage of SF is limited due to its tendency to agglomerate

and the high water demand [11]. Thus, mix designs

involving high-volume SF also use high level water

reducers or superplasticizers. The incorporations of FA and

SF have been found to offer enhanced properties of blen-

ded cement concrete than FA or SF concrete alone.

Nassif et al. [12] studied the effect of pozzolanic materials

and curing methods on the elastic modulus of high perfor-

mance concrete (HPC) using FA, SF, and GGBS as

pozzolanic materials in blended cement. It is found that

concrete incorporating FA and SF can improve slump of

concrete when compared to concrete containing SF only.

Guneyisi et al. [13] reported that the compressive strength of

ternary (PC ? FA ? SF) blended cement was higher than

that of binary (PC ? FA) blended cement at the same

replacement level. In addition, Barbhuiya et al. [14] inves-

tigated the properties of FA concrete modified with hydrated

lime and SF. The FA concrete incorporating SF improved the

early strength of concrete. Nochaiya et al. [15] studied the

utilization of FAwith SF and properties of Portland cement–

fly ash–silica fume concrete. It is also reported that the uti-

lization of SFwith FAwas found to increase the compressive

strength of concrete at early ages (pre 28 days).

Bottom ash (BA) is another by-product of thermoelec-

tric power plants occurring at the same time as FA. It

consists of chemical composition similar to FA. However,

the utilization of BA in the substitution of Portland cement

is limited due to its high particle size and porous particle,

compared to FA. However, BA can be used to replace part

of cement by reducing the particle size. Cheriaf et al. [16]

studied the pozzolanic properties of BA by varying the

time of grinding. It was found that the pozzolanic activity

of BA increased with increased time of grinding and

strength can be improved. Wongkeo and Chaipanich [17]

studied the use of ground BA and SF to produce the bottom

ash lightweight concrete (BLWC). It was found that the

properties of BLWC improved when SF was added to the

mix.

Curing of cement, mortar or concrete specimens is very

important for their strength and durability development.

Curing is a process to keep their specimens saturated or to

prevent loss of moisture that is essential for the hydration

of cement. The rate and degree of hydration, strength

gain, and other properties depend on the curing process.

Nowadays, curing is more important for concrete that

contains mineral admixtures than for normal concrete

[18]. Curing at ambient temperature can be divided into

two groups: (1) water curing and (2) sealed curing. Water

curing is better than sealed curing, particularly important

when using low w/c ratio concrete (w/c\ 0.40) [19]. In

addition, the rate of hydration of cement increased with

increasing curing temperature, especially at lower degree

of hydration [20]. In practice, concrete is mostly cured by

covering it with wet burlap, waterproof paper, or plastic

sheeting. Autoclaved is synonymous of high-pressure

steam curing. The curing temperature of this curing

exceeds 100 �C. Normally, the range of curing tempera-

ture used in autoclaving is 160–210 �C (320–410 �F) at

steam pressure of 6–20 atm [19]. The chemistry of

hydration changes under these conditions have substan-

tially different properties from products cured below

100 �C. In the absence of reactive silica (PC only) the a-
C2SH phase is formed whereas tobermorite (C5S6H5)

phase is formed on continued heating in the presence of

reactive silica [21]. The change of hydration product has

lead to strength gain and properties development in the

short time of curing. Thus, the used of suitable curing

method can improve strength and properties of blended

cement at early age.

This paper reports the effect of curing methods on the

compressive strength and characteristic of blends cement

mortar containing FA, ground bottom ash (BA), and SF.

Curing methods such as air cured at ambient temperature,

sealed cured with plastic sheeting, water cured at 25, 40,

and 60 �C, and high-pressure steam curing (autoclaved)

were used in this study.

Experimental

Materials

Ordinary Portland cement type 1 (PC) was used in the

binder phase of this study. FA and BA obtained from Mae

Moh power plant in Lampang, Thailand and undensified SF

grade 920-U produced by Elkem were used as supple-

mentary materials. The chemical compositions and physi-

cal properties of raw materials (PC, FA, BA, and SF

powder) are given in Table 1. River sand with specific

gravity of 2.65 was used as fine aggregate of mortar.

Napthalene based superplasticizer from Sika (Thailand)

Limited was used in this study.

Samples preparation and test methods

The selective dissolution method with 1 % HF (hydroflu-

oric acid) solution was used to determine the amorphous

1080 W. Wongkeo et al.
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phase of FA, BA, and SF powder. The procedure was

followed and applied by Fernandez-Jimenez et al. [22]. 1 g

of each powder was added to a plastic beaker containing

100 mL of 1 % HF. The mix was stirred using magnetic

stirrer for 6 h at ambient temperature and then filtered

using filter paper. The filter paper and the insoluble residue

was oven-dried at 105 �C for 24 h. The amorphous phase

was determined by subtracting the final from the initial mass.

In this study, FA, BA, and SF were used to replace

part of PC. The replacement levels of FA were 30, 40, 45,

and 50 % while those of BA were 10, 15, and 20 % by

mass of binder. SF was used to replace PC at 5 and 10 %

by mass. The mix proportions and mix design are sum-

marized in Table 2. The seven mortar mixes were

designed having a constant water/binder ratio of 0.485

and flow of mortar of 110 ± 5 mm. The mortar mixes

were mixed and then cast into 50 9 50 9 50 mm molds

and compacted using a vibrating table. The mortar spec-

imens were stored in molds for 24 h and then demolded.

All the mortar specimens were cured in air at ambient

temperature (at 26–30 �C and relative humidity 50–65),

water at 25, 40, and 60 �C and sealed with plastic

sheeting for 28 days. For autoclaved curing, the mortar

specimens were autoclaved at 130 �C and under pressure

20 psi for 6, 9, and 12 h. After the end of autoclaved

curing periods for 6, 9, and 12 h, all of the samples were

left in a autoclaved chamber for cooling period of 12 h

before compressive strength, XRD, and TG tests. The

compressive strength was tested using tecnotest com-

pression testing machines. Moreover, the identification

phases of the samples was investigated using X-ray dif-

fractometer (XRD; PHILIPS X’Pert MPD) and thermo-

gravimetry using the Mettler Toledo TG/SDTA 851e

(inert atmosphere 180 with N2 flow of 30 mL min-1,

heating rate 10 �C min-1, analysis range 30–800 �C). For
XRD and TG testing, samples were immersed in acetone

after reaching the required curing age to stop hydration

process before characterization tests. For autoclaved cur-

ing, the samples were immersed in acetone after the end

of cooling period for 12 h. The 28 days of hydration were

selected to identify phases using XRD and TG technique.

This is due to the hydration process that would have

mostly occurred by 28 days and the standard test age used

to determine the relative strength of concrete in practice.

Table 1 Chemical compositions and physical properties of materials

used in this research

PC FA BA SF

Chemical composition/%

SiO2 20.64 45.37 47.592 93.549

Al2O3 4.848 20.65 19.1 0.556

CaO 63.62 10.43 10.16 1.128

Fe2O3 3.17 12.31 14.34 0.172

MgO 1.137 2.127 1.477 0.747

Na2O 0.51 1.331 1.084 0.137

K2O 0.812 1.496 1.213 1.047

P2O5 0.32 0.245 0.164 0.531

TiO2 0.213 0.517 0.311 0.002

SO3 2.753 2.526 2.436 1.006

Loss on ignition 2.076 3.002 2.124 1.16

Specific gravity 3.15 2.10 2.70 2.20

Average particle size/lm 8.31 5.22 7.81 0.1

Table 2 Mix proportion of blended cement mortar

Materials Mix

100PC 50FA 45FA5SF 40FA10SF 30FA 20BA 30FA15BA5SF 30FA10BA10SF

OPC/kg m-3 538 269 269 269 269 269 269

FA/kg m-3 – 269 242 215 161 161 161

SF/kg m-3 – – 27 54 – 27 54

BA/kg m-3 – – – – 108 81 54

Aggregate/kg m-3 1,480 1,420 1,420 1,420 1,436 1,430 1,428

Water/kg m-3 261 261 261 261 261 261 261

SP/% 0.8 – 0.4 0.8 0.4 0.6 1.1

CaO/SiO2 ratio 3.08 1.12 1.03 0.95 1.11 1.02 0.97

CaO/(SiO2 ? Al2O3) ratio 2.50 0.81 0.78 0.74 0.81 0.77 0.76

Table 3 Percentage of insoluble and soluble phase of pozolanic

materials after treated with 1 % HF solution

Raw materials Insoluble residue/% Soluble phase/%

FA 37.00 63.00

BA 47.36 52.64

SF 25.94 74.06
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Results and discussion

Characterization of raw materials

The main constituents of FA and BA powder are SiO2 and

Al2O3 while more than 90 % of SiO2 is presented in SF

powder (as shown in Table 1). It is worthwhile to point out

that more than 10 % of CaO is presented in FA and BA

powder. Table 3 shows the percentage of insoluble and

soluble phase of FA, BA, and SF powder after treated with

1 % HF solution. The insoluble residue of all samples

refers to crystalline phase while the amorphous phase

(soluble phase) was dissolved in HF solution. The main

chemical compositions of soluble phase are SiO2 and

Al2O3. The results showed the amorphous phase of FA,

BA, and SF powder of 63, 52.64, and 74.06 %, respec-

tively. It is found that FA powder has more amorphous

phase than BA powder. Thus, it can be expected that FA

powder is more reactive than BA powder. X-ray diffraction

was used to determine crystalline phase of powder sample.

The crystalline phase of FA powder consists of anhydrite,

magnetite, gehlenite, lime, quartz, and chabazite while BA

powder contains of augite, magnetite, and anorthite as main

crystalline compounds, with hematite, gehlenite, quartz,

corundum, and chabazite as minor constituents (as shown

in Fig. 1). BA powder can be seen to contain more crys-

talline phases than FA powder which relates to amorphous

phase determination by the selective dissolution method.

X-ray diffraction analysis

The XRD analyses of 28 day hydration blended cement

pastes are shown in Fig. 2. The XRD patterns of all spec-

imens cured in water at 25 and 60 �C (Fig. 2a, b) indicated

the main peaks of calcium hydroxide (Ca(OH)2), ettringite

(Ca6Al2(SO4)3(OH)12�26H2O), and C–S–H (Ca2SiO4H2O)

phase which is the main hydration product. In addition,

small unhydrated peaks of Alite (Ca3SiO5:C3S) and Belite

(Ca2SiO4:C2S) phases (originated from Portland cement)

and calcite (CaCO3) are also detected. The hydration pro-

cess may be determined using XRD by determining the

amount of Ca(OH)2 or unreacted cement constituents [23].

However, some C–S–H crystalline phase can be detected

by XRD which can also give an indication of the hydration

process. From the results, it is found that the C–S–H phase

of samples cured in water at 25 �C cannot be detected in

XRD patterns. This is due to the C–S–H gel is mostly

formed in the poorly crystalline form or amorphous
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disordered structures at room temperature, but the stable

and highly crystalline C–S–H gel will be formed when

heated [24–26]. Thus, the C–S–H gel in samples cured at

25 �C is not detected in XRD, but can be detected in the

samples cured at 60 �C. In this study, it is found that the

intensity of Ca(OH)2 peak of the mix containing pozzola-

nic materials (50FA, 45FA5SF, and 40FA10SF mixes) was

lower than that of the PC control. Moreover, the intensity

of Ca(OH)2 peak can be seen to decrease with increased SF

substitution. The unhydrated peaks of C3S and C2S phases

also decreased due to the dilution effect. The reduction of

intensity of Ca(OH)2 peak is accompanied by an increase

in intensity of C–S–H phase due to increasing pozzolanic

reaction and C–S–H is seen to increase with increased SF

substitution. The intensity of C–S–H phase of specimen

cured in water at 60 �C is higher than that of specimen

cured in water at 25 �C. This indicates that the pozzolanic

reaction was improved with an increased in curing tem-

perature, especially for mixes containing SF.

For specimen cured by autoclaved method for 6 h

(Fig. 2c), the XRD patterns of all specimens show the main

peaks of Ca(OH)2 phase and peaks of C3S and C2S phases

similar to the specimens cured in water at 25 and 60 �C.
However, blended cement specimens showed the XRD

patterns of 0.9 nm tobermorite (Ca5Si6O16(OH)2), 1.1 nm

tobermorite (Ca5Si6O16(OH)2�4H2O), and 1.4 nm toberm-

orite (Ca5Si6O16(OH)2�8H2O) which exhibits the same

basal spacing as the 1.1 nm tobermorite. Normally, to-

bermorite in autoclaved cement has only been found as the

1.1 nm tobermorite phase. Substitution of a part of the Si

atoms in SiO4 tetrahedral with Al is observed in synthetic

1.1 nm tobermorite. The 1.4 nm tobermorite shows only a

minor degree of Al substitution [27]. This reason may lead

to 0.9 nm tobermorite formation. Thus, the Al2O3 content

which is the composition of pozzolanic material and CaO/

(Al2O3 ? SiO2) ratio has an effect on the formation of

tobermorite. The consistency of tobermorite formation of

1.1 nm thus shows that pozzolanic reaction of blended

cement is improved under autoclaved curing.

Thermogravimetry

Thermogravimetry (TG) of 28 day hydrated cement pastes

are shown in Fig. 3. The results are plotted as derivative

thermogravimetric (DTG) curves in order to identify the

detected phases (Fig. 4). For normal hydration, the first

major mass loss located below 200 �C is the result of

dehydration reactions of several hydrates such as C–S–H,
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ettringite (AFt) monosulfoaluminate (AFm), and gehlenite

(C2ASH8) [28–30]. The second major mass loss, observed at

450–550 �C, corresponds to the dehydroxylation of port-

landite (Ca(OH)2). The third loss of mass appears at

750–900 �C and corresponds to the decarbonation of cal-

cium carbonate [23]. In this study, the DTG curves of blen-

ded cement cured in water at 25 and 60 �C (Fig. 4a, b) show

detection of C–S–H at &110–120 �C and Ca(OH)2 at

&460–480 �C, respectively. In addition, gehlenite hydrate

(C2ASH8) was shown in specimen cured in water at 25 �C,
but it disappeared in specimen cured in water at 60 �C.
Moreover, the DTG curves of specimen cured in water at

25 �Cshow two strong endothermic peaks ofCaCO3 at about

700–720 and 890–905 �C. The first peakwas decomposed of

normal calcite in Portland cement. The second peak may be

decomposed of another calcite due to decomposition of

calcite is affected by surface area, particle size, partial

pressure of CO2, and impurities such as magnesium [31] or

another formation such as carboaluminate (Ca4Al2(OH)12�
CO3�5H2O) [32]. Furthermore, the DTG curves of specimen

cured in water at 60 �C show three strong peaks of CaCO3 at

about 630–660 �C, 730–765 �C, and 890–905 �C, respec-
tively, but these were observed in blended cement specimens

only. From these results, it is found that the intensity of

C–S–H curves of specimen containing SF (both cured in

water at 25 and 60 �C) was higher than that of specimen

containing only FA and it increased with increased SF con-

tent. This result was confirmed to the increasing of pozzo-

lanic reaction with increased SF content.

For specimen cured by autoclaved method for 6 h

(Fig. 4c), DTG curves show two peaks of C–S–H (toberm-

orite phase) at about 80–90 �C and 135–150 �C, Ca(OH)2
peak at about 450–475 �C, and two peaks of CaCO3 at about

680–715 �C and 870–900 �C, respectively. In the case of C–
S–H peaks, the first peak is the result of dehydration of

1.4 nm tobermorite and the second peak corresponds to the

dehydration of 1.1 nm tobermorite. The lower temperature

dehydration of 1.4 nm tobermorite is attributed to a single-

chain structure of silicate anion while 1.1 nm tobermorite

has a double-chain structure of silicate anion [27].

Table 4 shows the percentages of mass loss to overall

mass loss of binary and ternary blended cement pastes at

28 days hydration under water curing at 25, 60 �C and

autoclaved curing for 6 h. To consider only first group of

mass loss, the percentages of mass loss to overall mass loss

of binary blended cement pastes under water curing at 25

and 60 �C were lower than PC control. However, the mass

loss to overall mass loss of ternary blended cement pastes

was higher than PC control and increased with increasing

SF replacement. This indicates that the reaction (both of

hydration and pozzolanic reaction) of blended cement paste

was improved when containing SF replacement. Moreover,

it was found that the percentages of mass loss to overall

mass loss of all specimens cured with water 60 �C were

higher than specimens cured with water 25 �C. This was

due to the rate of reaction was increased with increasing

temperature during moist curing. In addition, it can be

observed that the percentages of mass loss to overall mass

loss of Ca(OH)2 group of binary and ternary blended

cement decrease, compared to PC control. This was due to

the Ca(OH)2 was consumed by pozzolanic reaction of FA

and SF which results to increasing C–S–H gel. However,

the reduction of Ca(OH)2 group not only decreased by

pozzolanic reaction, but also effect by carbonation reaction

to CaCO3 formation [33]. For specimens cured with auto-

claved, first group of mass loss was mostly the mass loss of

C–S–H due to ettringite are not formed at higher temper-

ature. Both the sulfate and alumina apparently enter into

the C–S–H and tobermorite structure. The role of alumina

is increasing the rate of crystallization of tobermorite [19].

It was found that the percentages of mass loss to overall

mass loss of binary and ternary blended cement pastes were

higher than PC control. This may be due to the different

structure of a-C2SH, obtained from PC control and to-

bermorite, which is the main product of binary and ternary

blended cement pastes.

Table 4 Mass loss of blended cement pastes under water curing at 25, 60 �C and autoclaved curing for 6 h

Mix Mass loss to overall mass loss/%

Free water ? C–S–

H ? Ettringite ? C2ASH8/AFm

Ca(OH)2 CaCO3

Water cured

at 25 �C
Water cured

at 60 �C
Autoclaved

6 h

Water cured

at 25 �C
Water cured

at 60 �C
Autoclaved

6 h

Water cured

at 25 �C
Water cured

at 60 �C
Autoclaved

6 h

PC 33.48 41.35 31.23 20.76 12.60 21.24 11.88 36.29 22.35

50FA 30.48 40.86 32.84 14.03 9.81 8.17 14.67 24.11 26.24

45FA5SF 40.85 44.48 39.90 11.36 9.86 5.55 11.71 20.83 18.60

40FA10SF 44.31 48.09 47.23 8.92 7.41 7.87 14.13 17.96 15.93
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Compressive strength

The relationship between the compressive strength of 28 days

blended (binary, ternary, and quaternary blended) cement

under various curing method at ambient temperature and mix

designs is presented in Fig. 5. Figure 5a shows the compres-

sive strength of specimens cured in air and those sealed with

plastic sheeting. It can be observed that the compressive

strength of blended cement cured in air and sealedwith plastic

sheeting increased with increasing SF replacement. The

compressive strength of all mixes cured with plastic sealed

was higher than those cured in air. This is due to sealed curing

method prevents loss of moisture of specimen and hence

allows continued hydration. Therefore, specimen that was

cured by sealed method preventing against moisture loss can

improve strengthmore effectively than specimen cured in air.

The compressive strength of all blended cements (binary,

ternary, and quaternary systems)mixes cured in air was found

to be lower than that of PC control. For specimen cured with

plastic sealed, the compressive strength of 50FA, 45FA5SF,

30FA20BA, and 30FA15BA5SF mixes were also lower than

that of PC control,while 40FA10SF and 30FA10BA10SFmix

show the compressive strength similar to that of PC control.

From these results, it was found that the compressive strength

of themixes containingonlyFAandBAcured in air decreased

up to 42.45 % (at 50FA mix) and it decreased up to 37.43 %

when sealed. While the compressive strength of the mixes

containing SF decreased up to 12.69 % (at 40FA10SF mix)

when cured in air. In addition, the compressive strength of

40FA10SFmix cured by sealed plastic method was similar to

PC control. Therefore, themix containing SF can improve the

compressive strength of ternary and quaternary blended

cement, particularly for high cement replacement levels. This

is due to the high pozzolanic reaction and high amorphous

SiO2 content of SF. In addition, SF particles fill themicro and/

or submicro pore size in paste that is known as a space filling

effect [34].

Figure 5b shows the compressive strength of blended

cement specimens cured in water at 25, 40, and 60 �C. It is
found that the compressive strength of all mixes increased

with increasing curing temperature. In addition, the com-

pressive strength of 50FA mix cured at 60 �C decreased up

to 26.56 % compared to the mix cured by sealed plastic

sheet, but it was still lower than PC control. However, the

mixes containing 10 % SF replacement had higher com-

pressive strength than PC control. This is due to the

increasing temperature increased the rate of reaction (both

of hydration and pozzolanic reaction) of blended cement,
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Fig. 5 Compressive strength of blended cement mortars a air and sealed curing, b water curing at 25, 40, and 60 �C, and c autoclaved curing
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especially at lower degrees of reaction such as FA and BA.

In these results, the compressive strength of all specimens

cured in water at 25, 40, and 60 �C were higher than

specimens cured in air and sealed with plastic sheeting.

The compressive strength of blended cement specimens

under autoclaved curing is shown in Fig. 5c. It can be seen

that the compressive strength of blended cement increased

with increasing SF replacement at the same autoclaved

period, especially at 10 % SF replacement where the

compressive strength is higher than PC control. In addition,

the compressive strength of PC control tends to increase

with increasing autoclaving time while the compressive

strength of blended cement increased with increasing

autoclaving time up to 9 h and then begin to decrease when

autoclaving time increase to 12 h. Under autoclaved

method, the CaO/SiO2 ratio has a significant effect on the

compressive strength of blended cement due to the chem-

ical of hydration is substantially altered under high tem-

perature and pressure conditions. In the absence of an

external SiO2 source, a-dicalcium silicate hydrate (a-
C2SH) is formed instead of an amorphous calcium silicate

hydrate (C–S–H). In the presence of SiO2 source, crystal-

line 1.1 nm tobermorite (C5S6H5) is formed [21].

Tobermorite phase has a larger volume of structure than a-
C2SH phase which causes a decrease in porosity and

increase in the compressive strength.

Meller et al. [35] reported CaO–SiO2–H2O phases from

50 to 1,000 �C. This phase diagram shows relationship

between temperature and CaO/SiO2 mol ratio. It is repor-

ted that tobermorite phase is formed at the CaO/SiO2 ratio

between about 0.5–1.5 and at temperature above 110 �C. In
this study, it was found that blended cement specimen had

a CaO/SiO2 ratio between 0.95 and 1.12. The CaO/SiO2

ratio decreased with increasing amount of SF replacement

and thereby increased the compressive strength of blended

cement. Therefore, FA, BA, and SF can be used as an

alternative SiO2 source in blended cement which results to

tobermorite formation. The maximum compressive

strength of 48.51 MPa was obtained from 40FA10SF mix

using an autoclaved period of 9 h. The reduction of com-

pressive strength of blended cement at 12-h autoclaved

period may be due to tobermorite phase becoming unstable

at long autoclaving time. Maeshima et al. [27] reported that

stable tobermorite is normally treated at 170–210 �C in

order to shorten the autoclaving time of approximately

5–8 h.

Fig. 6 SEM images of blended cement under water curing at 60 �C a PC control, b 50FA mix, c 45FA5SF mix, and d 40FA10SF mix
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Microstructure

The microstructure of 28 day hydrated blended cement

under various curing methods using scanning electron

microscope (SEM) is shown in Figs. 6 and 7. The fracture

specimens of paste were used to determine the microstruc-

ture andmorphology of blended cement. Figure 6 represents

SEM image of specimen under water curing at 60 �C. It can
be seen that the fiber-like C–S–H was shown as the main C–

S–H product of plain and blended cement. In addition, 50FA

mix indicated the length of fiber-like C–S–H to be shorter

than that of PC control. The length of fiber-like C–S–H tends

to increase with increasing SF content. It can be observed

that CaO/SiO2 ratio decreased with increasing amount of SF

which increased the length of fiber-like C–S–H. Therefore,

the CaO/SiO2 ratio has a significant effect on the shape of C–

S–H cured in water at 60 �C.
Figure 7 shows SEM images of specimen under auto-

claved curing at 130 �C under 20 psi pressure for 6 h. The

fibrous-like C–S–H (a-C2SH) phase can be seen presented

in PC control. In addition, the honeycomb-like tobermorite

phases were seen in specimens with pozzolanic materials.

Moreover, the lath-like tobermorite can be found in the

mixes containing SF replacement. Tobermorite phase has a

significantly effect on the properties such as compressive

strength of blended cement under high temperature and

pressure conditions [19]. From SEM images (Fig. 7a–d), it

can be seen that the tobermorite phases (both of honey-

comb-like and lath-like formation) give denser micro-

structure than fibrous-like C–S–H phase. The a-C2SH

phase has smaller volume of the solid phase and as a

consequence results in an increase in the porosity when

compared to the tobermorite phase [19]. Therefore, a

denser microstructure due to the presence of tobermorite

structure would lead to higher compressive strength.

Conclusions

• To determine percentage of reactive phases, it is found

that SF powder has more amorphous phase than FA and

BA powder (74.06, 63, and 52.64 %, respectively). The

compressive strength of blended cement containing FA

and BA was lower than blended cement containing SF

at the same curing method. The compressive strength of

all mixes cured in air was lower than PC control while

the compressive strength of blended cement containing

SF 10 % by mass cured with plastic sealed and cured in

Fig. 7 SEM images of blended cement under autoclaved curing for 6 h. a PC control, b 50FA mix, c 45FA5SF mix, and d 40FA10SF mix
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water at 25 and 40 �C was equal to PC control. How-

ever, the compressive strength of blended cement

containing SF 10 % by mass cured in water at 60 �C
was higher than PC control. For autoclaved curing, the

compressive strength of PC control tends to increase

with increasing time of autoclaved while the com-

pressive strength of blended cement increased with

increasing time of autoclaved up to 9 h and tends to

decrease with increasing time of autoclaved up to 12 h.

• XRD results show that the intensity of Ca(OH)2 peak of

blended cement was lower than that of PC control and it

decreased with increased SF replacement and tempera-

ture curing. This indicates that the pozzolanic reaction

was improved with the use of SF. XRD results showed

the patterns of 0.9, 1.1, and 1.4 nm tobermorite in the

blended cement specimens using autoclaved curing. TG

results indicated the decomposition of C–S–H, C2ASH8,

Ca(OH)2, and CaCO3 of specimen cured in water at

25 �C, while specimen cured in water at 60 �C show the

decomposition of C–S–H, Ca(OH)2, and CaCO3. For

autoclaved curing, the dehydration of 1.4 nm tobermor-

ite and 1.1 nm tobermorite were showed at about

80–90 �C and 135–150 �C, respectively.
• SEM images of plain and blended cement under water

curing at 60 �C indicated the fiber-like C–S–H. For

autoclaved curing, SEM image showed fibrous-like C–

S–H (a-C2SH) phase as the main product of plain

cement while blended cements exhibit honeycomb-like

tobermorite and lath-like tobermorite phases which

give denser microstructure than a-C2SH phase.
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Introduction

Recently, the discovery of new materials showing
a very high dielectric constant (e′) has stimulated sig-
nificant research activity.1 This is because materials
with large dielectric constants are used to fabricate
ceramic capacitors. The values of e′ and loss tangent
(tand) are the primary parameters determining the
performance of capacitors. Among new giant materi-
als, CaCu3Ti4O12 (CCTO) has gained considerable
interest both scientifically and technologically.2–13

CCTO ceramics can exhibit very high e′ of about
103–105 at room temperature, depending on the
ceramic microstructures14–16 and processing condi-
tions.8 Unfortunately, their tand values are still too
large and tend to increase as e′ is increased.14 Inves-
tigation to optimize the values of e′ and tand by
controlling the microstructure of CCTO ceramics is
therefore important.

Over the past few years, many investigations have
been carried out to clarify and understand the physical
mechanism(s) related to the apparent giant dielectric
response in CCTO ceramics. Unfortunately, the origin
of giant dielectric properties is still unclear. Both intrin-
sic and extrinsic effects have been proposed that
describe the unusually high e′ values of CCTO ceram-
ics and single crystals.3–6,8,13,15 For the intrinsic effect,
several models were proposed to describe the giant
dielectric response. These include the mixed-valent
structure model,13,17,18 polaron relaxation model,19

incipient ferroelectricity model,20 nanoscale disorder
model,21–23 and dipolar effect related to disordered Ca/
Cu sites.24

Based on the extrinsic effect, the origin of the giant
dielectric response in the CCTO ceramics is widely
accepted to be caused by interfacial polarization at
grain boundaries (GBs).3,4 The microstructure of
CCTO ceramics consists of semiconducting grains and
insulating GBs, that is, an electrical structure model or
internal barrier layer capacitor (IBLC) model. Thus,
GBs of CCTO ceramics play two significant roles in
the overall dielectric properties. First, GBs trap the
charge carriers producing electrical polarization. Sec-
ond, GBs behave as insulating layers blocking the long-
range motion of free charges that can cause an increase
in tand, especially in a low-frequency range. Besides
polarization at GBs, polarization can also be introduced
at other places such as domain boundaries (DBs) and
sample–electrode interfaces.6,25

According to the sample–electrode effect, the value
of e′ can be enhanced due to the formation of Schottky
barrier at the interface between CCTO surfaces and
metal electrodes. In general, formation of the Schottky
barrier is caused by the difference between the work
functions of the metal electrode and semiconducting
surface.26 Ideally, it depends only on the different levels
of work functions. However, for CCTO ceramics, it
was found that the sample treatment and aging of elec-
trode contact can also affect the low-frequency e′ value
contributed by the electrode effect.27 The time constant
of the electrical response of a Schottky barrier is usually
much longer than that occurring in bulk ceramics.26

Therefore, such dielectric response appears in a rela-
tively low-frequency range compared to that measured
in bulk ceramics. Occasionally, the portion of the
dielectric constant contributed by the sample–electrode
effect cannot be observed in the measured frequency
range. Fortunately, this response can be observed in the
radio frequency range by increasing measurement tem-
perature. This is due to the electrical response of
Schottky barrier being a thermally activated mechanism.
Thus, a strong increase in the value of e′ at a high tem-
perature might be caused by the sample–electrode
effect.

According to the IBLC model, tand can be
reduced by increasing the total GB resistivity (Rgb).
Enhancement of Rgb can be carried out in several ways
such as (1) doping CCTO with suitable metal ions to
modify defect equilibrium at GBs,28 (2) changing Ca
and Cu molar ratios to produce CCTO/CaTiO3

composites,29–31 (3) increasing the molar concentration
of Ti in CCTO to produce CCTO/TiO2 compos-
ites,32 (4) incorporating oxygen at GBs,33 (5) and
reducing the grain size to increase the density of GB
layers.14 To obtain CCTO ceramics with a small grain
size and high GB density, CCTO ceramics should be
prepared from CCTO nanopowders or smaller submi-
crometer powders and sintered at a lower temperature
and/or short time.

In this work, we prepared CCTO ceramics using
a simple combustion method and sintered at low
temperature and short reaction times (1040°C for 1
and 3 h). Fine-grained CCTO ceramics with good
dielectric properties were obtained. The dielectric relax-
ations and electrical responses in large-grained CCTO
ceramics were studied using an impedance spectro-
scopy. The possible mechanisms related to the relaxation
processes and electrical responses are discussed.
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Experimental Procedure

In this work, a simple combustion method was
used to synthesize CCTO powder. Ca(NO3)2 4H2O
(99%, Sigma-Aldrich Chemie, Steinheim, Germany),
Cu(NO3)2 4H2O (99.5%, Carlo Erba, Milano, Italy),
C16H28O6Ti (75 wt.% in isopropanol, Sigma-Aldrich),
citric acid, ethanol, and aqueous ammonia (27%) were
employed as starting raw materials. Stoichiometric
amounts of Ca(NO3)2 4H2O and Cu(NO3)2 4H2O
were dissolved in the solution of citric acid (5 wt%) in
ethanol with constant stirring at room temperature.
Then, C16H28O6Ti solution was mixed with the metal
ion solution above under constant stirring at 150°C
until a transparent gel was formed. Then, 1 mL of
aqueous ammonia was added to the Ca2+, Cu2+, and
Ti4+ mixture solution with constant stirring at 150°C.
This mixed solution was dried at 350°C for 30 min.
The resulting dried porous precursor was ground into
powder and divided into two portions. One was cal-
cined in air at 750°C for 2 h, and other was calcined
at 750°C for 6 h. These two CCTO powders are
referred to as P1 and P2 powders, respectively. P1 and
P2 powders were ground and pressed into pellets hav-
ing dimensions of 9.5-mm diameter and 
 1–2 mm in
thickness by uniaxial compression at 200 MPa. Finally,
the green-body disks prepared from P1 powder were
sintered in air at 1040°C for 1 and 3 h and referred to
as CCTO-1 and CCTO-2 samples, respectively. The
green-body disks prepared from P2 powder were sin-
tered in air at 1040°C for 1 and 3 h and referred to as
CCTO-3 and CCTO-4 samples, respectively.

The phase composition and microstructure of sin-
tered CCTO powders and ceramics were characterized
using X-ray diffraction (XRD) (PW3040, Philips,
Eindhoven, The Netherlands) and scanning electron
microscopy (SEM) with energy dispersive spectroscopy
(EDS) (S-3400, Hitachi, Tokyo, Japan), respectively.
Transmission electron microscopy (TEM) (Tecnai G2,
FEI, Eindhoven, The Netherlands) was used to charac-
terize the CCTO powders. The dielectric response of the
samples was measured using an Agilent E4980A (Agilent
Technologies, Palo Alto, CA) Precision LCR Meter over
the frequency and temperature ranges of 102–106 Hz
and �70 to 150°C, respectively. An oscillation voltage
of 1.0 V was used in each case. Each measured temper-
ature was kept constant with an accuracy of �1°C.
Prior to making measurements, the ceramic samples
were polished. Au was sputtered on each pellet surface

at a current of 25 mA for 8 min using a Polaron
SC500 (Sussex, U.K.) sputter coating unit.

Results and Discussion

The XRD patterns of dried precursor, CCTO
powders, and the sintered CCTO ceramics are shown
in Fig. 1. CuO phase was observed in the XRD pat-
terns of the dried precursor. The XRD patterns of
CCTO powders and the sintered ceramics confirm the
formation of the CaCu3Ti4O12 phase (JCPDS card no.
75-2188). The diffraction peaks corresponding to
CCTO phase were detected. All XRD patterns are per-
fectly indexed based on the body-centered cubic struc-
ture with space group Im3. The XRD results indicate
that CCTO phase can be successfully prepared by a
very simple method using a relatively low calcination
temperature and short reaction time, that is, 750°C for
2 h. A small amount of CuO and TiO2 impurity
phases still appeared in the XRD patterns of CCTO
powders. Only pure phase of CCTO, that is, with no
impurities, was detected in the XRD patterns of the
sintered CCTO ceramics. The values of lattice parame-
ters were calculated using Cohen’s least mean square
method and found to be 7.390, 7.390, 7.391, 7.392,
7.391, and 7.390 �A for the P1 powder, P2 powder,
CCTO-1, CCTO-2, CCTO-3, and CCTO-4 samples,

Fig. 1. X-ray diffraction patterns of (a) precursor, (b) CCTO
powder calcined at 750°C for 2 h, (c) CCTO powder calcined
at 750°C for 6 h, (d) CCTO-1, (e) CCTO-2, (f) CCTO-3,
and (g) CCTO-4 samples.
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respectively. These values are comparable to the values
reported in literature2 and JCPDS card no. 75-2188
for 7.391 �A. Figures 2a,b show TEM images of CCTO
powders calcined at 750°C for 2 and 6 h, respectively.
The particle size of CCTO tended to increase as the
calcination time was increased. The particle sizes of the
P1 and P2 powders were estimated to be 130–260 nm
and 150–300 nm, respectively.

Figures 3a–d show SEM images of the surface
morphologies of the CCTO samples. The CCTO-1
sample sintered at 1040°C for 1 h shows a fine-grained
microstructure with grain sizes of about ~2–3 lm
(Fig. 3a). As seen in Fig. 3c, the CCTO-3 sample sin-
tered at same condition as the CCTO-1 sample exhib-
its fine-grained microstructure as was observed in the
CCTO-1 sample. However, small grains in some
regions start to connect together. Increasing sintering
time from 1 to 3 h results in abnormal grain growth.
For the CCTO-2 and CCTO-4 samples (the samples
that were prepared from P1 and P2 powders, respec-
tively) sintered at 1040°C for 3 h, some grains grow
rapidly to sizes of 
 10–15 lm. This microstructural
evolution in CCTO ceramics has been reported in the
literature.14 The microstructures of the CCTO-1 and
CCTO-3 samples were observed to have small grain
sizes with narrow distribution of these values. This
microstructural feature is required for most applica-
tions. The dielectric properties of these two ceramic
samples are therefore expected to be improved.
Figure 3e shows the EDS spectrum of the CCTO-4

sample, confirming the presence of each chemical, that
is, Ca, Cu, Ti, and O.

As shown in Fig. 4, sintering time has an effect on
the dielectric properties of CCTO ceramics. e′ at 20°C
of the fine-grained CCTO-1 and CCTO-3 samples is
independent of frequency over the measured range, 102

–106 Hz. In contrast with the fine-grained ceramic
samples, the CCTO-2 and CCTO-4 samples exhibit a
strong frequency dependence upon e′ especially in a
low-frequency range. As demonstrated in the inset of
Fig. 4, the low-frequency values of tand of the fine-
grained CCTO-1 and CCTO-3 ceramics are much lower
than the values of tand for the CCTO-2 and CCTO-4
samples. tand values of these two fine-grained ceramics are
lower than 0.1 in the frequency range from 102 to
105 Hz. The values of e′ and tand at 1 kHz and 20°C
for all CCTO samples are summarized in Table I. The
dielectric properties of these two samples are compara-
ble to those of 0.1 wt% ZrO2-doped CCTO ceramic
(e′
 5030 and tand
 0.016 at 1 kHz).28 It was also
reported that 0.5% ZrO2-doped CCTO ceramic
exhibited tand values below 0.05 over a wide frequency
range. For the CCTO–1 and CCTO-3 samples,
tand was found to be lower than 0.05 over frequency
ranges of 200 Hz–158 kHz and 100 Hz–50 kHz,
respectively.

The exact origin of the giant dielectric response in
CCTO ceramics is still unclear. However, it is usually
found that the electrical and dielectric properties of
CCTO ceramics are strongly related to their prepara-

(a) (b)

Fig. 2. Transmission electron microscopy images of CCTO powders calcined at 750°C for (a) 2 h and (b) 6 h.
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tion conditions and resulting microstructure. Notably,
it has been shown that CCTO ceramics are electrically
heterogeneous, consisting of semiconducting grains and
insulating GBs.4 However, changes in microstructure
(e.g., the increase in the grain size) may cause the

changes in intrinsic factors in grains such as concentra-
tion of defects. Therefore, an increase in e′ can be con-
sidered in two different ways: (1) an increase in the
mean grain size and/or GBs capacitance and (2)
changes in intrinsic factors. In this work, we hypothe-

(a) (b)

(c)

(e)

(d)

Fig. 3. (a–d) SEM images of surface morphologies of CCTO-1, CCTO-2, CCTO-3, and CCTO-4 samples, respectively. (e) energy dis-
persive spectroscopy spectrum of CCTO-4 sample.
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sized that microstructural heterogeneity is the primary
cause of the giant dielectric properties of CCTO
ceramics. This work does not discredit other intrinsic
models.17–24 We just demonstrate that giant dielectric
properties of CCTO ceramics can be effectively
improved by controlling microstructure. All concepts
and models used to describe the giant dielectric behav-
ior of CCTO single crystal and polycrystalline ceramics
require further experimental validation.

Based on the electrically heterogeneous microstructure
found in insulating GBs and semiconducting grains,2,3,6

the density of insulating GB layers was increased by
controlling the microstructure of CCTO ceramics to
obtain small grain sizes with narrow size distribution.
The increase in insulating layers caused a decrease in dc
conduction in the fine-grained CCTO ceramics. There-
fore, the low-frequency tand of the CCTO-1 and
CCTO-3 ceramics is therefore reduced.

To develop a high-permittivity ceramic that can be
used for ceramic capacitor applications, variations in e′
must be investigated over the standard temperature

range.34 For example, variation in e′ for high-permittiv-
ity ceramics suitable to fabricate X5R and X7R capaci-
tors should be less than �15% over the temperature
ranges of �55 to 85°C and �55 to 125°C, respec-
tively. The variation in e′ [Dɛ′(%)] as a function of
temperature in °C is defined as ðe0T � e020Þ=e020 � 100,
where e0T and e020 are e′ at a specific experimental tem-
perature and 20°C, respectively. As shown in Fig. 5, e′
of the CCTO-1 and CCTO-3 samples seems to be
nearly independent on temperature over the range from
�70 to 150°C. However, e′ of the CCTO-2 and
CCTO-4 samples is found to be strongly dependent on
measurement temperature. Investigation of e′ tempera-
ture variations using conditions of 20°C (at 103 Hz) as
a basis reveals that the variations of e′ for the fine-
grained CCTO-1 and CCTO-3 samples were less than
�15% over the temperature range of �70 to 90°C and
�70 to 100°C, respectively. This result indicates that
the CCTO-1 and CCTO-3 ceramics have the potential
for capacitor applications, that is, X5R capacitors.

As shown in the inset of Fig. 4, the increase in tand
for all samples in a high-frequency range (105–106 Hz)
is attributed to the main dielectric relaxation process.
This behavior of CCTO ceramics is well reported in the
literature.3,5,6,10,11,13–15 It is likely that the high tand
values observed for the CCTO-2 and CCTO-4 samples
in a low-frequency range may be attributed to the dielec-
tric relaxation process. The CCTO-2 and CCTO-4
samples exhibited two sets of dielectric relaxation
processes. To study these two relaxation processes, the
frequency dependence of dielectric properties (i.e., e′,
tand, and e′′ [e′′ = e′ 9 tand]) at various temperature
was investigated. As shown in Fig. 6 and inset (1), two
sets of relaxation peaks for the CCTO-4 sample are
observed. These two sets are indicated by e′′ peaks for
low-temperature relaxation and tand peaks for high-
temperature relaxation. The observation of tand peaks
corresponds to the step-like decrease in e′ at the same

Table I. e′ and tand Values (at 20°C and 1 kHz), Activation Energies for Low- and High-Temperature
Relaxation Processes (Ea1 and Ea2), Grain Boundary Conduction Activation Energy (Egb), and Activation

of Electrode Response (Ee) for CaCu3TiO12 Ceramics

Sample e′ tand Ea1 (eV) Ea2 (eV) Egb (eV) Ee (eV)

CCTO-1 6406 0.020 - - 0.672 -
CCTO-2 49,261 0.908 0.093 0.577 0.455 0.541
CCTO-3 5776 0.016 - - 0.676 -
CCTO-4 27,062 0.720 0.108 0.588 0.495 0.582

Fig. 4. Frequency dependence of e′ at 20°C for all CCTO
samples; inset shows the frequency dependence of tand at 20°C.
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temperature range, as shown in the inset (2) of Fig. 6.
Over the measured ranges of temperature and frequency
(�70 to 150°C and 102–106 Hz), both e′′ and tand
peaks were observed in the CCTO-2 and CCTO-4
samples only, but were not observed in the fine-grained
CCTO-1 and CCTO-3 samples. The e′′ and tand peaks
shift to higher frequency as the temperature increased,
indicating a thermally activated dielectric relaxation pro-
cesses. The activation energies for the low-temperature
relaxation process (Ea1) were found to be 0.093 and
0.112 eV for CCTO-2 and CCTO-4, respectively.

These values are comparable to the values reported in
the literature.3,11,14 The activation energies for the high-
temperature relaxation process (Ea2) were found to be
0.577 and 0.588 eV for CCTO-2 and CCTO-4,
respectively. Higher Ea2 values may be related to either
the electrical response of GBs or sample–electrode
effects.

To study the effects of electrical responses of GBs
and sample–electrode interfaces, impedance complex
plane (Z*) plots for all samples were used to investigate
possible mechanisms. Figures 7a–d show Z* plots at
100°C for all samples. Only one semicircle arc is
observed in the fine-grained CCTO-1 and CCTO-3
samples. Two arcs in Z* plots are observed in the
CCTO-2 and CCTO-4 samples. Grains, GBs, and
sample–electrode effects in combination are possibly
responsible for the two electrical responses observed in
Figs. 7c and d. To clarify the mechanisms responsible
for these two semicircle arcs, combined Z′′ and M′′
spectroscopic plots at 100°C were used to examine the
electrical responses. As shown in Figs. 8a,b, Z′′ and M′′
of the CCTO-1 and CCTO-3 samples are located in
nearly the same frequency range. The low-frequency
peaks of Z′′ for the CCTO-2 and CCTO-4 samples are
observed at 1 kHz and 630 Hz, respectively (Figures 8c,
d). The observation of a low-frequency peak in the Z′′
spectrum is related to the electrical response of a large
semicircle arc. In the high-frequency range, the shoul-
ders of Z′′ spectra for the CCTO-2 and CCTO-4
samples are observed at a frequency of about 105 Hz.
The shoulders are located in nearly the same frequency
range as their M′′ peaks. This means that the high-fre-
quency Z′′ and M′′ peaks originated from the same
mechanism. At frequencies higher than the frequency
of M′′ peak, it is observed the values of M′′ continue
to increase. This increase in the M′′ spectrum indicates
the presence of another set of M′′ peaks.35 However,
very low temperatures (<�70°C) are required to obtain
data in the frequency measurement range.36 The
increase in the M′′ spectrum suggests an electrical
response of grains. Therefore, the high-frequency Z′′
and M′′ peaks (at 
 105 Hz) likely originated from the
electrical response of GBs. The low-frequency Z′′ peak
is therefore attributed to the effect of sample–electrode
interfaces.35,36

To further study the electrical response of GBs,
the frequency dependence of M′′ at different tempera-
tures was investigated. As shown in Figs. 9a,b, the M′′
peak shifts to higher frequencies as the temperature

Fig. 5. Temperature dependence of e′ at 20°C for all CCTO
samples.

Fig. 6. Frequency dependence of e′′ at low temperatures for
CCTO-4 sample showing low-temperature dielectric relaxation.
Insets (1) and (2) show, respectively, the frequency dependence of
tand and e′ over the temperature range of 60–120°C for
CCTO-4 sample.
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(a) (b)

(d)(c)

Fig. 7. Impedance complex plane plot (Z*) at 100°C for (a) CCTO-1, (b) CCTO-3, (c) CCTO-2, and (d) CCTO-4 samples.

(a) (b)

(d)(c)

Fig. 8. (a–d) Combined Z′′ and M′′ spectroscopic plots at 100°C for (a) CCTO-1, (b) CCTO-3, (c) CCTO-2, and (d) CCTO-4 samples.
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increases. Note that M′′ peak of the CCTO-2 sample
cannot be observed at temperature higher than 90°C,
as shown in the inset of Fig. 9b. The GB conductivity
(rgb = 1/Rgb) can be calculated from the peak maxima
based on the relationships35,36:

M 00 ¼ C0

2Cgb
; ð1Þ

2pfmaxRgbCgb ¼ 1; ð2Þ
where Rgb and Cgb are the resistance and capaci-

tance of GBs, respectively. The electrode contact con-
ductivity (re = 1/Re, where Re is the resistance due to
electrode contact) can be calculated from the plots of Z′′
as a function of frequency in a high temperature range.
At the peak of Z′′ related to electrical response of elec-

trode contact, Re can be estimated from the relationship
Z′′ = Re/2. re values were calculated at various temper-
atures. It was found that the temperature dependence
of rgb and re follows the Arrhenius law for conduction
processes as shown Fig. 10. This is given by

r ¼ r0 exp
�E

kBT

� �
ð3Þ

where r0 is the prefactor term, E is the activation
energy for conduction process, kB is Boltzmann con-
stant, and T is absolute temperature. According to the
data fitted to Eq. (3), the GB conduction activation
energy (Egb) for all samples and the activation energy
for electrode response (Ee) of the CCTO-2 and
CCTO-4 samples can be calculated from the slopes of
the plots. The calculated values are summarized in
Table I. It was found that the high-temperature dielec-
tric relaxation activation energy (Ea2) and Ee are nearly
the same in value. It is likely that that dielectric relaxa-
tion behavior in the high-frequency range observed in
the CCTO-2 and CCTO-4 samples is mainly related
to the effect of sample–electrode contact.

Conclusions

The dielectric properties and electrical responses
in CCTO ceramics prepared by a simple combustion
method were investigated. Fine-grained CCTO

(a)

(b)

Fig. 9. Frequency dependence of M′′ at different temperatures
for (a) CCTO-1 and (b) CCTO-2 samples.

Fig. 10. Arrhenius plot of grain boundary conductivity (rgb)
(extracted from M′′ plots) and electrode contact conductivity
(extracted from Z′′ plots).
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ceramics with good dielectric properties (tand
 0.020
–0.0.16 and e′
 5776–6406) and temperature stabil-
ity in the range of �70 to 90°C were obtained by
sintered at 1040°C for 1 h. Large-grained CCTO
ceramics sintered at 1040°C for 3 h exhibited two
sets of dielectric relaxations. Using an impedance
spectroscopy analysis, the high-temperature dielectric
relaxation was found to be likely caused by the effect
of sample–electrode contact.
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Use of lightweight aggregates in pervious concrete
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h i g h l i g h t s

� Three lightweight aggregates were used to make pervious concrete (LWPC).
� Mechanical properties, water permeability, and thermal conductivity were tested.
� LWPCs 558–775 kg/m3 density and 2.47–5.99 MPa compressive strength were obtained.
� LWPCs density and thermal conductivity had 3–4 times lower than normal aggregate.
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a b s t r a c t

In this study, the use of lightweight aggregate (LWA) for making lightweight pervious concrete (LWPC)
was presented. Diatomite (DA) and pumice (PA) were used as natural LWAs in pervious concretes. Three
cement paste contents of 15%, 20%, and 25% by volume were used. The results were compared to those of
LWPC containing recycled LWA from autoclaved aerated concrete (RA). The results indicated that the use
of DA, PA, and RA as coarse aggregates in pervious concrete could reduce the density and thermal con-
ductivity about 3–4 times compared with pervious concrete containing natural aggregate. The densities
were 558–775 kg/m3 which were lower than 800 kg/m3 and suited for use as insulating concrete. The 28-
day compressive strengths of LWPCs ranged from 2.47 to 5.99 MPa. The increase in cement paste content
improved the mechanical properties of LWPCs. LWPC containing DA showed higher mechanical proper-
ties and a lower thermal conductivity than those of RA and PA. However PA exhibited higher water
permeability.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lightweight aggregates (LWAs) can be used as aggregates to
produce lightweight concretes (LWCs) in a wide range of densities
and strengths with different applications. The low density LWCs
with compressive strengths ranging from 0.69 to 6.89 MPa are usu-
ally employed as insulating concrete. Moderate strength LWCs
with compressive strengths ranging from 6.89 to 17.24 MPa are
as ‘‘fill’’ concrete. Structural LWCs with compressive in excess of
17.24 MPa with reduced dead load are used for reinforced concrete
[1].

The primary benefit of using LWA is the reducing of dead load.
LWAs are generally porous materials resulting in superior thermal,
acoustic and fire insulations [2,3]. Diatomite is natural lightweight
rock resulting from the siliceous fossilized remains of diatoms. It
consists of rigid perforated shells called frustules and possesses
low density and high porosity. Diatomite can be used as pozzolanic
additive to improve plasticity and strengths of concrete [4,5] and
can be used in producing lightweight concrete and insulation

bricks [3,4]. Pumice is a natural lightweight aggregate with a
sponge-like structure created by the release of gases during the
solidification of lava. There are two types of pumice: basaltic pum-
ice (scoria) and acidic pumice. The density of acidic pumice is
rather less than basaltic pumice. Pumice aggregate can be used
in the production of lightweight concrete with sufficient strength
and density for use as structural lightweight concrete [6]. Gener-
ally, the effective insulating concrete is found in LWCs with high
porosity or very low density. The LWCs containing natural LWAs
viz., diatomite and pumice [3,7,8] are less effective than insulator
materials due to the higher its density as specified in ASTM C332
[9].

Pervious concrete is the concrete with no fine aggregate. The
connected void allows water and air to pass through. It can be used
in environmental applications such as permeable concrete for
pavement, water purifying concrete, noise absorbing concrete, air
permeable concrete, and other civil engineering and architectural
applications [10–13]. Moreover, pervious concrete contains a large
amount of voids and thus its density and thermal conductivity are
less than that of conventional concrete [14]. With these special
features, the pervious concrete containing natural LWAs further re-
duces the weight and thermal conductivity of LWCs and therefore
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they may be used as better acoustic and thermal insulating mate-
rials. In addition, there are few published studies on the properties
of lightweight pervious concrete (LWPC) [15]. Therefore, this study
focused on the use of LWA in previous concrete.

In this experiment, the effects of LWA types and cement paste
contents on the properties of lightweight pervious concrete
(LWPC) were studied. The diatomite and pumice were used as nat-
ural coarse LWAs. The cement paste contents of 15%, 20% and 25%
by volume were used for each type of LWA. The total void ratio,
water permeability coefficient, density, compressive strength,
splitting tensile strength, surface abrasion resistance, and thermal
conductivity coefficient of LWPCs were evaluated. In addition, the
results were compared to those of LWPC containing recycled
coarse LWA from autoclaved aerated concrete.

2. Material and sample preparation

2.1. Cement paste

Cement paste was prepared from ordinary Portland cement (OPC) with specific
gravity of 3.15 and Blaine fineness of 3120 cm2/g, type F superplasticizer (SP) at the
dosage of 1.25% by weight of cement, and tab water. The constant water to cement
ratio (W/C) of 0.24 was used for all mixes with the designed flow value of cement
paste of 170–180 mm measured in accordance with JIS R 5201 [16].

2.2. Lightweight aggregates (LWAs)

Three types of LWAs viz., diatomite aggregate (DA), pumice aggregate (PA), and
recycled aggregate from autoclaved aerated concrete (RA) were used as coarse
aggregates. DA was taken from Lampang province in the north of Thailand. It was
calcined at 800 �C for 4 h to reduce clay mineral [17,18]. Commercially variable
acidic pumice was used as PA. RA was broken autoclaved aerated concrete blocks
obtained from construction site. All types of aggregates were crushed and sieved
into the same particle sizes of 4.8–9.5 mm. The coarse aggregates were prepared
in saturated surface dry (SSD) condition before the mixing to maintain the same
flow value of cement paste of 170–180 mm and to prevent cracking problems
due to the water absorption of aggregate [19–21].

2.3. Mix proportions

In order to investigate the effects of different types of LWAs and cement paste
contents on the physical and mechanical properties of LWPCs, the mixtures were
made with three types of LWAs (DA, PA, and RA) and three cement paste contents
of 15%, 20%, and 25% by volume. Nine mix proportions are summarized in Table 1.
The names of concretes were given by aggregate type and paste content. For exam-
ple, RA-15 denotes the LWPC containing RA and 15% of cement paste content by
volume.

2.4. Mixing and casting

Cement paste was mixed in a pan-type of mixer for 3 min and then coarse
aggregates was added to the mixture and mixed for 2 min. The mixture was placed
into a mold and vibrated on vibrating table for 10 s. Two sizes of the samples were
cast. The cylindrical samples of 100 mm in diameter and 200 mm in height were
used to measure the compressive strength, splitting tensile strength, water perme-
ability, density, total void ratio, and thermal conductivity. The 150 � 300 � 35 mm

rectangular samples were used to measure the surface abrasion resistance. The cast
samples were covered with damp cloth and plastic sheet to prevent moisture loss
and were demolded after 1 day and stored in a moist room until testing age.

3. Tests

3.1. Physical property tests of LWAs

Unit weight and bulk specific gravity with absorption were
tested in according with ASTM C29 [22] and ASTM C127 [23],
respectively. To determine the resistance to degradation of LWA,
the procedure as specified in ASTM C131 [24] was adapted for this
study using eight 46-mm diameter steel balls of approximately
400 g each. The volume of LWA for the test was the same as that
of natural aggregate. This amounted to 1500 g of oven dry LWA
for the Los Angeles test.

3.2. Mechanical property tests of LWPCs

Compressive strengths were tested at the ages of 7 and 28 days
in according with ASTM C39 [25]. Before the testing, the samples
were capped at both ends with sulfur capping compound to level
the loading surface. The splitting tensile strength was tested at
28 days in according with ASTM C496 [26]. The reported results
were the averages of 3 samples.

Surface abrasion resistance was tested at 28 days by the rotat-
ing-cutting method in accordance with ASTM C944 [27]. The sam-
ples were left to dry for 1 day before the test (air-dry condition).
The sample was abraded with 98 N loads on the surface for 30 s
after contact between the cutter and the surface. The abrasion
resistances of each pervious concrete were done six times, three
on each side of the concrete samples.

3.3. Total void ratio, density, and water permeability tests of LWPCs

Total void ratio and density of samples was tested in accordance
with ASTM C1754 [28]. With the recommendation of ACI 522 [29],
the water permeability coefficient of LWPC was measured using
the constant head method. To prevent flow between sample and
surface of measuring cylinder, the side of cylindrical sample was
wrapped by rubber tube and tightened by circular clamps. The
time required for a quantity of water to flow through was mea-
sured after a steady state flow. The coefficient of water permeabil-
ity was calculated following Darcy’s Law as shown in the following
equation:

k ¼ QL=HAt ð1Þ
where k is the water permeability coefficient (cm/s), Q is the quan-
tity of water collected (cm3) over time t (s), L is the length of spec-
imen (cm), H is the water head (cm), and A is the cross sectional
area of the specimen (cm2).

3.4. Thermal conductivity test of LWPCs

The thermal conductivity coefficients were tested using a direct
measuring instrument with surface probe (ISOMET2114, Applied
Precision Ltd.). The measurement ranges of the device are 0.04–
6.0 W/m K.

4. Results and discussion

4.1. Properties of LWAs

Visual observation of all LWAs as shown in Fig. 1 clearly showed
that surface texture of RA was rougher and more porous than those
of DA and PA. For particle shape, PA was rounded, while DA was

Table 1
Mix proportions of LWPCs.

Mix LWA in SSD (kg/m3) OPC (kg/m3) Water (kg/m3) SP (kg/m3)

DA PA RA

DA-15 740 – – 269 64.6 3.35
DA-20 740 – – 359 86.1 4.47
DA-25 740 – – 448 107.6 5.59
PA-15 – 565 – 269 64.6 3.35
PA-20 – 565 – 359 86.1 4.47
PA-25 – 565 – 448 107.6 5.59
RA-15 – – 630 269 64.6 3.35
RA-20 – – 630 359 86.1 4.47
RA-25 – – 630 448 107.6 5.59
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slightly rounded and RA was angular. The crushed surfaces of
LWAs were examined with Scanning Electron Microscope (SEM)
and shown in Fig. 2. It could be clearly observed that RA consisted
of large round pores of approximately 200 lm in size while PA con-
sisted of very irregular pores ranging in size of smaller than 10 lm
to slightly smaller than 200 lm. The surface texture of DA was dif-
ferent as it appeared denser with uniform pores of size mostly
smaller than 10 lm.

The physical properties and chemical composition of all coarse
aggregates are shown in Tables 2 and 3. The dry loose bulk densi-
ties of DA, PA, and RA were 346, 353, and 361 kg/m3, respectively
which were lower than 880 kg/m3 of maximum density of LWA
for structural concrete as specified in ASTM C330 [30]. The DA,
PA, and RA had high water absorptions of 114.1%, 60.3%, and
74.5%, respectively, due to their highly porous surfaces. The values
of specific gravity of DA, PA, and RA were 1.32, 1.14, and 1.16,
respectively. The Los Angeles abrasion of LWA was presented in
the percent weight loss. The weight losses of DA, PA and RA were
52.6%, 66.2%, and 89.9%, respectively. The results showed that DA
had higher abrasion resistance than PA and RA and were consistent
with the pore and surface texture results.

4.2. Compressive strengths, splitting tensile strengths, and surface
abrasion resistances of LWCPs

Table 4 summarizes the compressive strengths, splitting tensile
strengths, and weight losses by surface abrasion of LWPCs. When
the cement paste content increased from 15% to 25%, the mechan-
ical properties were enhanced. For example, for LWPC containing
RA, the 28-day compressive strength increased from 2.62 to
4.45 MPa, the splitting tensile strength increased from 0.58 to
0.93 MPa, and the weight loss decreased from 17.0 to 9.7 g. With
regards to the effect of LWA types, DA-25 showed the highest
28-day compressive strength of 5.99 MPa and the lowest weight
loss of 8.2 g. The compressive strengths and surface abrasions of
LWPC containing DA were higher than those of PA and RA due to
its denser texture as also shown by the high resistance to Los Ange-
les abrasion. In addition, DA in this study was calcined to reduce
clay mineral in order to enhance its pozzolanic property [17,18]
and this improved the strength of DA concrete. However, the dif-
ferences between splitting tensile strengths of these three LWAs
were not significant.

The 7-day compressive strengths of all LWPCs were approxi-
mately 83% of the 28-day compressive strength which was slightly
higher than the conventional concrete (70–80%). This may be due
to porous and rough surface of LWAs allowed the infiltration of ce-
ment paste into aggregate resulting in the absence of wall effect at
interfacial zone and the improvement of LWAs [31]. In addition,
the strength of the low W/C cement paste developed quite rapidly
[32]. The compressive strengths at 28 days of LWPCs were 2.47–
5.99 MPa. Although the LWPCs had no fine aggregate and large
pore, the compressive strengths were close to those of insulating
concrete containing diatomite (3.5–5.8 MPa) [3] and aerated
concrete (2.0–8.5 MPa) [33], and were higher than insulating

concrete containing micro-sphere from pulverised fuel ash (0.6–
2.9 MPa) [34]. The ratios of the splitting tensile strengths to the
compressive strengths ranged from 15.2–22.9% with the average
of 18.8%. They were higher than those of pervious concrete con-
taining natural aggregate which ranged from 9–14% [35].

4.3. Densities, total void ratios, and water permeability coefficients of
LWPCs

The results of densities, total void ratios, and water permeabil-
ity coefficients of LWPCs are shown in Table 5. The increase in
cement paste raised the density while the total void ratio and
water permeability coefficient decreased. The densities of LWPCs
of 558–775 kg/m3 were lower than those of pervious concrete con-
taining natural aggregate from crushed limestone (about 3 times)
[14,36]. Besides, they were lower than 800 kg/m3 and thus suited
for insulating concrete in according with ASTM C495 [37]. The total
void ratios of 15.6–31.8% were within the range recommended by
ACI 522 [29] for the appropriate permeability of pervious concrete.
When cement paste content of LWPCs increased from 15% to 20%,
the water permeability coefficients reduced rapidly such as the
reduction of 4.77–1.30 cm/s of PA concrete. This indicated that
the connected voids of LWPCs were drastically decreased. The
LWPC containing PA tended to have higher water permeability
than those containing RA and DA. This may be attributed to the
quite round shape of PA.

As the total void content decreased, the compressive strength
increased. The increase of cement paste content increased the
thickness of paste covering of aggregate and decreased total void
ratio, consequently the compressive strength increased. Fig. 3
showed the state of paste covering and voids of LWPC cut surfaces.
The total void area was obtained from the image analysis. Each im-
age had a size of 6 � 6 cm2 with resolution of 2000 � 2000 pixels.
The obtained void ratios (Vim) were similar to the measured values.
At 15% cement paste content, the thin layer of paste merely cov-
ered aggregate surface resulting in a large void and relatively small
contact area. At 20% and 25% cement paste contents, not only the
covering of paste was thicker but the excess paste filled the void
resulting in a small void and relatively high contact area.

The relationship between the compressive strength and the to-
tal void ratio are plotted in Fig. 4. The graph of DA concrete lies on
the top and shifts to the right side, while the graphs of RA and PA
concretes lie below and are close together. It showed that at the
same total void ratio, the compressive strength of LWPC containing
DA was higher than those of PA and RA although it used lower ce-
ment paste content. The empirical equations relating compressive
strengths (r) and total void ratios (V) are obtained as:

r ¼ 13:25e�0:0500V ; R2 ¼ 0:991 for LWPC with DA ð2Þ

r ¼ 10:09e�0:0441V ; R2 ¼ 0:995 for LWPC with PA ð3Þ

r ¼ 11:95e�0:0515V ; R2 ¼ 0:989 for LWPC with RA ð4Þ

Fig. 1. Particle shapes of LWAs.
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In addition, these exponential equations with high correlation
coefficient could predict the compressive strengths at zero total
void ratios of 11.95, 13.25, and 10.09 MPa for LWPCs with RA,
DA, and PA, respectively. The relatively strong relation between
the compressive strength and void ratio of LWPC was similar to a
porous brittle material and normal pervious concrete as suggested
by Ryshkewitch [38] and Chindaprasirt et al. [39,40]. In addition,
the relationship between the compressive strength and water per-
meability coefficient of LWPC with different types of LWAs are
plotted in Fig. 5 and the equations could be expressed as:

r ¼ 6:56e�0:301k; R2 ¼ 0:983 for LWPC with DA ð5Þ

r ¼ 4:48e�0:127k; R2 ¼ 0:922 for LWPC with PA ð6Þ

r ¼ 4:45e�0:187k; R2 ¼ 0:932 for LWPC with RA ð7Þ
where r is compressive strength of LWPC (MPa) and k is water per-
meability coefficient (cm/s).

The linear relationship between the density and void ratio of
LWPC with different types of LWAs are plotted in Fig. 6. The DA
concrete showed lower density than the PA and RA concretes at
the same void content. The correlation coefficient of the results
was high with R2 of 0.995–0.999. The densities and total void ratios
could be expressed as:

D ¼ 961� 14:45V ; R2 ¼ 0:995 for LWPC with DA ð8Þ

D ¼ 1047� 14:69V ; R2 ¼ 0:999 for LWPC with PA ð9Þ

D ¼ 1105� 16:99V ; R2 ¼ 0:999 for LWPC with RA ð10Þ
where D is dry density of LWPC (kg/m3) and V is total void ratio (%).

In this study, the graphs of water permeability coefficient and
total void ratio are plotted in Fig. 7. It can be observed that the
water permeability coefficients of LWPCs with higher cement paste
content were clearly lower than those with low cement paste con-
tent because the connected pores reduced with the increase in ce-
ment paste content. The graph of PA lies on the top and shifts to the
right. It indicated that the permeability and total void ratio of
LWPC containing PA was higher than those of LWPC containing
DA. Moreover, at the same total void ratio, the permeability of
LWPC containing PA was higher than that of LWPC. This could be
attributed to the more rounded shape of PA that resulted in higher
pore connectivity. For the graph of RA, it lies on the bottom and
presents the lowest water permeability. For the graph of RA, it lies

Fig. 2. SEM surfaces of LWAs (100�).

Table 2
Physical properties of LWAs.

Property DA PA RA

Dry loose bulk density (kg/m3) 346 353 361
Specific gravity 1.32 1.14 1.16
Water absorption (%) 114.1 60.3 74.5
Los Angeles abrasion weight loss (%) 52.6 66.2 89.9

Table 3
Chemical composition of LWAs.

Chemical composition (%) DA PA RA

SiO2 83.07 61.09 38.48
Al203 7.78 12.30 2.45
Fe2O3 4.60 5.29 1.83
CaO 0.52 3.68 36.33
MgO 0.45 1.11 0.71
Na2O 0.14 6.11 0.26
K2O 1.92 5.35 1.48
SO3 – 0.09 5.71
TiO2 0.51 0.74 0.11
LOI 0.80 3.30 12.40

Table 4
Mechanical properties of LWPCs.

Mix 7-Day
compressive
strength
(MPa)

28-Day
compressive
strength
(MPa)

28-Day
splitting
tensile
strength
(MPa)

Surface
abrasion
weight
loss (g)

DA-15 2.65 3.20 0.57 13.2
DA-20 3.79 4.68 0.71 10.2
DA-25 5.10 5.99 0.93 8.2
PA-15 1.94 2.47 0.47 17.8
PA-20 2.14 3.50 0.75 12.3
PA-25 3.88 4.30 0.99 10.2
RA-15 2.26 2.62 0.58 17.0
RA-20 2.56 3.43 0.67 14.7
RA-25 4.58 4.45 0.93 9.7

Table 5
Physical properties of LWPCs.

Mix Density (kg/m3) Total void ratio (%) Water permeability
coefficient (cm/s)

DA-15 558 28.1 2.43
DA-20 644 21.4 0.97
DA-25 740 15.5 0.42
PA-15 602 31.8 4.77
PA-20 690 24.5 1.30
PA-25 765 19.1 0.90
RA-15 602 29.7 2.93
RA-20 701 23.6 0.98
RA-25 775 19.6 0.30
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at the bottom and presents the slightly lower water permeability
than DA concrete. As already discussed, this may be due to the fact
that the RA consisted of large round pores of approximately
200 lm, which are unconnected pores. The strong relationship be-
tween water permeability coefficient and total void ratio was an
exponential equation as also reported by other researches
[41,42]. The three equations could be expressed as:

k ¼ 0:047e0:140V ;R2 ¼ 0:999 for LWPC with DA ð11Þ

k ¼ 0:061e0:134V ;R2 ¼ 0:948 for LWPC with PA ð12Þ

k ¼ 0:004e0:220V ;R2 ¼ 0:982 for LWPC with RA ð13Þ

where k is water permeability coefficient (cm/s) and V is total void
ratio (%).

Fig. 3. State of the paste covering and total void content of LWPCs.
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Fig. 4. Compressive strength and total void ratio of LWPCs.
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4.4. Thermal conductivity coefficients of LWPCs

The thermal conductivity coefficients are shown in Fig. 8. The
results thermal conductivity coefficients depended on the cement
paste contents and types of aggregates. When the cement paste
content of LWPCs increased from 15% to 25%, the thermal con-
ductivity coefficient increased from 0.16 to 0.23 W/m K for DA
concrete, from 0.16 to 0.24 W/m K for PA concrete, and from
0.17 to 0.25 W/m K for RA concrete. The increase in cement paste
content caused the filling of paste in voids and increased the den-
sity, consequently the thermal conductivity coefficient increased
[43]. The thermal conductivity coefficients of LWPC containing

DA were slightly lower than those of PA and RA due to its lower
density.

The thermal conductivity coefficients of LWPCs (0.16–0.25 W/
m K) were slightly higher than autoclaved aerated concrete
(0.11–0.21W/m K) with similar strength of 2.8–8.5 MPa and
density of 600–700 kg/m3 [33]. The LWPCs showed lower thermal
conductivities and densities than those of natural LWC (thermal
conductivities of 0.23–0.314W/m K and densities of 900–
1190 kg/m3) [3]. In addition, the thermal conductivities of LWPCs
was approximately 3–4 times lower than that of pervious concrete
containing natural [13].

The linear relationships between the thermal conductivity coef-
ficients and the densities of LWPCs containing different types of
LWAs are plotted in Fig 9. The correlation coefficient of the results
was high with R2 ranging between 0.9462. The equation of results
could be expressed as:

k ¼ 0:0004D� 0:0699;R2 ¼ 0:9462 for LWPCs ð14Þ
where k is thermal conductivity coefficient (W/m K) and D is dry
density of LWPC (kg/m3).

5. Conclusions

The use of RA, DA, and PA as coarse aggregates in pervious con-
crete reduced the density and thermal conductivity compared with
that of pervious concrete containing natural aggregate (approxi-
mate 3–4 times). The densities of all LWPCs ranged from 558 to
775 kg/m3 with the 28 days compressive strengths varied between
2.47 and 5.99 MPa and could be used for application in insulating
material. The thermal conductivity coefficients of LWPCs were
0.16 and 0.25 W/m K which were slightly higher than that of
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Fig. 5. Compressive strength and water permeability coefficient of LWPCs.
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autoclaved aerated concrete and similar to low density LWCs. The
increase in cement paste content decreased total void ratio and
water permeability, while mechanical properties and density were
increased. The increasing of cement paste content from 15% to 20%
could rapidly reduce water permeability. LWPC containing DA
exhibited a higher quality of mechanical properties and a lower
thermal conductivity than those of RA and PA. However, LWPC
containing PA showed the highest water permeability.
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a b s t r a c t

In this research, the properties of lightweight geopolymer concrete containing aggregate from recycle
lightweight block were studied. The recycle block was crushed and classified as fine, medium and coarse
aggregates. The compressive strength and density with various liquid alkaline/ash ratios, sodium silicate/
NaOH ratios, NaOH concentrations, aggregate/ash ratios and curing temperatures were tested. In addi-
tion, porosity, water absorption, and modulus of elasticity were determined. Results showed that the
lightweight geopolymer blocks with satisfactory strength and density could be made. The 28-day com-
pressive strength of 1.0–16.0 MPa, density of 860–1400 kg/m3, water absorption of 10–31% and porosity
of 12–34%, and modulus of elasticity of 2.9–9.9 GPa were obtained. It can be used as lightweight geopoly-
mer concrete for wall and partition.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The construction of building and structures in Thailand and
many countries relies heavily on the Portland cement products.
The structural members are usually made of reinforced concrete.
The walls and panels are also Portland cement based products.
The problems of the size and weight of reinforced concrete mem-
bers and wall panels are of great concern [1]. In order to reduce
the weight, lightweight structural concrete and normal lightweight
concrete in the form of lightweight concrete block or wall using
cast-in-place lightweight concrete have been developed. The pur-
pose is to reduce the dead load of structure which also results in
smaller and lighter structures and reduced cost of construction.

Lightweight concrete made with natural or artificial lightweight
aggregates are available in many parts of the world. It can be used
in producing concrete in a wide range of unit weights and suitable
strengths for various applications including internal and external
walls, inner leaves of roof decks and floors [2,3]. The production
of lightweight aggregate concrete has been expanding, and now in-
cludes all types of no-fines concrete of low density of 300–1200 kg/
m3 for block production and of medium density of 1000–2000 kg/
m3 for structural concrete. The production of all types of concrete
is normally based on the availability of lightweight aggregate, and
cost dictates the use of lightweight aggregate concrete in place of
normal-weight concrete [2].

The manufacturing of Portland cement results in the release of a
large amount of carbondioxide into the Earth’s atmosphere. Up to
13,500 tons per year or accounted to 7% of the green house gas pro-
duced annually [4]. Therefore, the other form of cementitious
materials termed geopolymer was developed. It is made from
starting materials containing silicon and aluminum which are acti-
vated in a high alkali solution. The starting material is usually
based on class F fly ash and sometime called alkali-activated fly
ash cement [5–9]. High calcium fly ash (class F) is also suitable
for use as source materials [10,11].

The use of lightweight concrete block is increasing and its waste
also increases from the damage of blocks from manufacturing,
transportation and handling. The increased used especially for
the housing industries also indicate the amount of lightweight
block to be recycled.

This research aims to study the properties of lightweight geo-
polymer concrete made of lightweight aggregate from recycle
block. The knowledge would be beneficial to future applications
of the materials and construction industry.

2. Experimental program

2.1. Materials

Materials used in this research consisted of lignite fly ash from
Mae Moh power station in the north of Thailand, sodium silicate
with 15.32% Na2O, 32.87% SiO2, and 51.8% water, and sodium
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hydroxide (NaOH) of three concentrations of 5, 10, and 15 M and
recycle lightweight block (RLB). RLBs were crushed and classified
as fine aggregate (FA), medium aggregate (MA) and coarse aggre-
gate (CA) with particle sizes ranging between 0.001 and 1.18,
1.18–4.75, 4.75–12.5 mm, respectively as shown in Fig 1. Chemical
compositions of fly ash were determined using X-ray fluorescence
(XRF) are shown in Table 2 and its X-ray diffraction (XRD) is shown
in Fig. 2. The fly ash consisted of a high content of 45.23% SiO2,
19.94% Al2O3, 13.15% Fe2O3, and 15.5% Ca0 with the loss on ignition
(LOI) 0.87%. It was, therefore, a class F in accordance which
ASTM:C618. The XRD analysis showed mainly amorphous phase
with the peaks of crystals of magnetite, magnesioferrite, dachiar-
dite, and calcium aluminum oxide. The physical properties of
materials are shown in Table 1. The fly ash was 48% retained on
sieve No. 325 (45 lm) with mean particle sized of 18.6 lm and
Blaine finenesses of 2409 cm2/g. It consists of mainly spherical par-
ticles with smooth surface as shown in Fig. 3.

2.2. Mix proportion

2.2.1. Aggregate gradation
To study the effect of aggregate gradation, the FA and MA por-

tions were varied and the CA portion was kept constant at 30%. The
effect of the change in the small aggregate portion is larger than
that of the large portion [12]. A total of three aggregate gradations
with FA:MA:CA ratios of 0:70:30 (0F), 30:40:30 (30F), and 70:0:30
(70F) were used.

2.2.2. Mix compositions
Five series of mixes were used to test the effects of liquid alka-

line/ash ratios (series A), sodium silicate/NaOH ratios (series B),
concentration of NaOH (series C), temperature of curing (series
D), and aggregate/ash ratios (series E). The details of mixes are
shown in Table 3.

2.3. Details of mixing

NaOH solution and fly ash were firstly mixed for 5 min in a pan
mixer. Sodium silicate solution was then added and mixing was
done for another 5 min until the mixture was uniform. The aggre-
gate was added next and mixing was done for 1.5 min. The fresh
lightweight geopolymer concretes were placed into 50 mm cube
molds in accordance with ASTM:C109, into 100 mm cube molds,
and 150 � 300 mm cylindrical molds in accordance with
ASTM:C39. The specimens were covered damp cloth and plastic
sheet to prevent moisture loss and placed in a 25 �C controlled
room for 1 h [10]. The specimens were then transferred to oven
curing for 48 h. Finally, the specimens were demolded and
wrapped again with plastic sheet and stored in a 25 �C controlled
room.

2.4. Details of test

2.4.1. Density and compressive strength
The density was determined at the ages of 28 days using the

compressive strength specimens as described in ASTM:C138. The
density was measured. After the density determination, the cube
specimens were tested to determine the compressive strength in
accordance with ASTM:C109. The reported density and compres-
sive strengths were the average of three samples.

2.4.2. Water absorption and porosity
The cube specimens of series E were tested for porosity and

water absorption at the age of 28 days in accordance with
ASTM:C642. The porosity was calculated using Eq. (1) and the
water absorption was calculated using Eq. (2).

Porosityð%Þ ¼ ðC � AÞ=ðC � DÞ ð1Þ

Absorptionð%Þ ¼ ½ðB� AÞ=A� � 100 ð2Þ
where A is the mass of oven – dry sample in air (g), B is mass of sur-
face – dry sample in air after immersion (g), C is mass of surface –
dry sample in air after immersion and boiling (g), and D is apparent
mass of sample in water after immersion and boiling (g)

2.4.3. Modulus of elasticity
The cylinder specimens of series E were tested for the chord

modulus at the age of 28 days in accordance with ASTM:C469.
The reported results were the average of two samples.

3. Results and discussion

3.1. Compressive strength and density

3.1.1. Liquid alkaline/ash ratio
The results of compressive strength of lightweight geopolymer

concrete series A with varies liquid alkaline/ash ratios are shown
in Fig. 4a. The optimum compressive strength was at L/A ratio of
2.4. At low L/A ratios of 2.0 and 2.2, the mix was difficult to mix
and compact due to the low liquid content [13]. The increase in
the L/A ratio at this range increased the compressive strength of
the geopolymer. However, when the L/A ratio increased from 2.4
to 2.8, the compressive strength decreased due to the excess liquid
and bleeding in a similar manner to Portland cement concrete [14–

Fig. 1. Coarse, medium and fine recycle aggregates.

Table 1
Physical properties of materials.

Materials Fly ash FA MA CA

Specific gravity 2.52 2.61 1.96 1.42
Median particle size (lm) 18.6 – – –
Particle size (mm) – 0.001–1.18 1.18–4.75 4.75–12.5
Fineness modulus – 1.75 3.90 5.74
Density (kg/m3) – 720 390 360
Water absorption (%) – 56 68 76

Table 2
Chemical composition of materials (by weight).

Chemical compositions (%) SiO2 Al2O3 Fe2O3 CaO K2O TiO2 Na2O P2O5 MgO LOI

Fly ash 45.23 19.95 13.15 15.50 2.15 0.39 0.52 0.81 2.02 0.88
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16]. For example, the 28-day compressive strengths of 70F series A
mixes with L/A ratios of 2.0, 2.2, 2.4, 2.6, and 2.8 were 7.0, 11.0,
12.7, 6.2, and 4.8 MPa, respectively.

With regards to aggregate sizes, the compressive strengths of
mixes with the high amount of FA were higher than those with
the low amount of FA. For example, the 28-day compressive
strengths of L/A ratio of 2.2 mixes with 0F, 30F, and 70F aggregates
were 2.0, 4.4, and 11.0 MPa, respectively. The use of FA aggregate
with high surface area resulted in the better bonding of matrix
and aggregate than that of CA and led to an increase in strength
[17]. For the density, the results of lightweight geopolymer con-
crete with various L/A ratios are shown in Fig. 4b. The increased
in L/A ratios resulted in lightweight geopolymer concrete with a
slightly increase in density. For example, the density of lightweight

geopolymer concretes with L/A ratios of 2.0, 2.2, 2.4, 2.6, and 2.8,
and with 30F aggregate were 1099, 1131, 1252, 1237, and
1389 kg/m3, respectively. The increase was due to the reduced
ash which was low in density.

Similarly, the density also increased with the increasing amount
of FA. The densities of 0F, 30F, and 70F mixes with L/A ratio of 2.2
were 948, 1132, and 1336 kg/m3, respectively. The density of FA
was high at 720 kg/m3 compared with the lower values of MA
and CA of 390 and 360 kg/m3, respectively (Table 1) and thus the
use of a higher amount of FA resulted in geopolymer with higher
density.

3.1.2. Sodium silicate/NaOH ratio
The effects of compressive strength of lightweight geopolymer

concrete with varies NS/NaOH ratios are shown in Fig. 5a. The com-
pressive strength increased with the increasing of NS/NaOH ratios.
Similar increases in strength were reported with NS/NaOH ratio up
to 1.50, however, the increased in NS/NaOH ratio beyond this value
resulted in a reduction in strength due to difficulties in compaction
of the mixes as the mix was too stiff with the low liquid/ash ratio of
0.6 [13]. For this study, the strength increased even with the NS/
NaOH ratio of 3.0. The increase in strength at this NS/NaOH ratio
was possible as a result of high liquid/ash ratio of 2.2 which made
the mix workable and compactable. For example, the 28-day com-
pressive strength of samples with NS/NaOH ratios of 0.33, 0.67,
1.00, 1.50, and 3.00 were 7.6, 9.7, 10.5, 12.9, and 15.4 MPa, respec-
tively. The NS/NaOH ratios also affected the pH conditions and the
strength development of geopolymer [10]. The densities of light-
weight geopolymer concrete with various NS/NaOH ratios were

Fig. 2. XRD patterns of fly ash. A-magnetite: Fe3O4; C-magnesioferrite: Fe2MgO4; D-
dachiardite: Na1.1K.7Ca1.7Al5.2Si18.8O48 (H2O)12.7; N-calcium aluminum oxide:
CaAl2O4.

Fig. 3. SEM of fly ash.

Table 3
Weight ratios of geopolymer lightweight concrete mixes.

Series L/A ratio NS/NaOH ratio NaOH
(M)

Temp. of
curing (�C)

Aggregate/
ash ratio

A 2.0, 2.2, 2.4,
2.6, 2.8

1.0 10 60 2.2

B 2.2 0.33, 0.67, 1.00,
1.50, 3.00

10 60 2.2

C 2.2 1.0 5, 10,
15

60 2.2

D 2.2 1.0 10 25, 40, 60 2.2
E 2.2 1.0 10 60 2.0, 2.2, 2.4,

2.6
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Fig. 4. Compressive strength and density at 28 days of lightweight geopolymer
concrete series A at various L/A ratios.
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not very different as shown in Fig. 5b. This was due to the amount
of liquid in the mixes was the same and the change in the liquid
density was small.

3.1.3. Concentration of NaOH solution
The results of the compressive strength of lightweight geopoly-

mer concrete with various concentrations of NaOH solution are
shown in Fig. 6a. The optimum concentration of NaOH solution
was 10 M and the maximum strength of 10.5 MPa was obtained.
An increased the concentration of NaOH solution from 5 M to
10 M resulted in the increasing compressive strength. However,
an increased the concentration of NaOH solution from 10 to 15 M
resulted in a decrease in the compressive strength. At high concen-
tration of NaOH, excessive hydroxide ions caused aluminosilicate
gel precipitation at the very early stages. Consequently, compres-
sive strength of geopolymer were lower [18–20]. For example,
the 28-day compressive strength of 70F mixes with concentration
of NaOH solution of 5, 10, and 15 M were 9.2, 10.5, and 4.7 MPa,
respectively.

The densities of lightweight geopolymer concretes with various
concentrations of NaOH solution were similar as shown in Fig. 6b.
The densities were not affected by the concentrations of NaOH
solution as the densities of the liquid in the mixes were similar
with various concentrations of NaOH solution.

3.1.4. Temperature of curing
The results of compressive strength of lightweight geopolymer

concrete with various temperatures of curing are shown in
Fig. 7a. The compressive strength increased with the increasing
temperature of curing. For example, the 28-day compressive

strength of 70F mixes with temperature of curing of 25, 40, and
60 �C were 6.6, 9.4, and 10.5 MPa, respectively. The increase in
temperature of curing to 60 �C enhanced the geopolymerization
and increased the strength of geopolymer [10,21–23]. The results
of densities of lightweight geopolymer concrete with various tem-
peratures of curing are shown in Fig. 7b. The densities of light-
weight concrete, however, decreased with the increase in
temperature of curing due to the increased geopolymerization
and the loss of moisture from the sample [8]. For example, the
28-day densities of 0F mixes with temperatures of curing of 25,
40, and 60 �C were 984, 975, and 861 kg/m3, respectively.

3.1.5. Aggregate/ash ratio
The results of compressive strength of lightweight geopolymer

concrete with various aggregate/ash ratios are shown in Fig. 8a.
The compressive strength significantly decreased with the increas-
ing aggregate/ash ratios. For example, the 28-day compressive
strength of 70F mixes with aggregate/ash ratios of 2.0, 2.2, 2.4,
and 2.6 were 13.5, 10.5, 7.5, and 4.9 MPa, respectively. The light-
weight aggregate is normally weaker than the geopolymer matrix
and its increased amount reduced the strength of lightweight con-
crete [24–26]. The results of densities of lightweight geopolymer
concrete with various aggregate/ash ratios are shown in Fig. 8b.
The increasing the amount of lightweight aggregate resulted in
density reductions due to the lighter weight aggregate. When
lightweight aggregate was inserted into the matrices, the porosi-
ties of concrete increased and densities decreased [27]. For exam-
ple, the 28-day densities of 30F mix with aggregate/ash ratios of
2.0, 2.2, 2.4, and 2.6 were 1219, 1131, 1090, and 1037 kg/m3,
respectively.
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Fig. 5. Compressive strength and density at 28 days of lightweight geopolymer
concrete series B at various NS/NaOH ratios.
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Fig. 6. Compressive strength and density at 28 days of lightweight geopolymer
concrete series C at various concentrations of NaOH solution.
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3.2. Water absorption and porosity

The result of water absorption of lightweight geopolymer con-
crete with various aggregate/ash ratios are shown in Fig. 9. The
water absorption slightly increased with the increase in the
amount of aggregate/ash ratios. For example, the water absorption
at 28 day of 0F mixes with aggregate/ash ratios of 2.0, 2.2, 2.4, and
2.6 were 30.13%, 30.70%, 31.40%, and 32.15%, respectively. The re-
sults of porosity were similar to those of water absorption as
shown in Fig. 10. The porosity values increased with the increasing
aggregate/ash ratios.

With regard to amount of fine aggregate, the water absorption
decreased with the increasing amount of fine aggregate. This was
due to the fine aggregate filled the voids in the matrices and thus
reduced the porosity. This also resulted in a low water absorption
concrete [12].

3.3. Modulus of elasticity

The results of modulus of elasticity of lightweight geopolymer
concrete with various aggregate/ash ratios are shown in Fig. 11.
The modulus of elasticity of lightweight concrete showed a similar
pattern to those of strength with various aggregate/ash ratios. The
optimum density was at aggregate/ash ratio of 2.2 whereas the
optimum strength was at a slightly higher aggregate/ash ratio of
2.4. The initial increase in the volume of lightweight aggregate de-
creased the compressive strength and modulus of elasticity
[12,25,28]. For example, the modulii of elasticity of 70F mixes of
aggregate/ash ratios of 2.0, 2.2, 2.4, and 2.6 were 7.0, 9.9, 9.2,

and 4.5 GPa, respectively. The increase in amount of fine aggregate
also resulted in the increase in modulus of elasticity due to the
small aggregates filled the pore in matrices which made the con-
crete more compact and stronger than that with large aggregate.

3.4. Relationship of compressive strength, density, and modulus of
elasticity

The relationships between compressive strength and density of
lightweight concrete with various aggregate/ash ratios were pre-
sented by Eq. (3) and shown Fig. 12. The compressive strength in-
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Fig. 7. Compressive strength and density at 28 days of lightweight geopolymer
concrete series D at various temperatures of curing.
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creased with the increasing density of lightweight geopolymer
concrete [11].

f 0c ¼ 0:3326e0:0043w ð3Þ
where f 0c is compressive strength of lightweight geopolymer con-
crete (MPa) and w is density of lightweight geopolymer concrete
(kg/m3).

The relationship between modulus of elasticity and compres-
sive strength of lightweight geopolymer concrete is shown in
Fig. 13. The modulus of elasticity tended to increase linearly to
the square root of compressive strength. The relationship could
be predicted in the form shown in Eq. (4). The results indicated
the modulus of elasticity between 2.9 and 9.9 GPa which is sub-

stantially lower than that of ACI 318 for normal concrete [12,16].
The trends of the relationship of the modulus of elasticity and
the square root of compressive strength were similar. The results
showed the same trend as that of other research [29].

E ¼ 1:1673f 00:8673c ð4Þ
where E is modulus of elasticity (GPa) and f 0c is compressive
strength (MPa).

4. Conclusion

Based on the obtained data, the following conclusion can be
draw.

(1) The recycle lightweight block (RLC) could be used as light-
weight aggregate for making lightweight geopolymer con-
crete. The compressive strength increased with the
increasing NS/NaOH ratio and temperature of curing but
decreased with the increasing aggregate/ash ratio. The opti-
mum L/A ratio was 2.4 and NaOH concentration was 10 M
for maximum compressive strength.

(2) The density of lightweight geopolymer concrete increased
with the increasing L/A ratio and decreased with the increas-
ing temperature of curing and aggregate/ash ratio. In addi-
tion, NS/NaOH ratio and concentration of NaOH did not
have a significant effect on the density of lightweight geo-
polymer concrete.

(3) The aggregate/ash ratios had significant effect on the proper-
ties of lightweight geopolymer concrete. The increase in the
aggregate portion increased the water adsorption capacity
and the porosity of the geopolymer block. The increase in
aggregate/ash ratio also increased with compressive
strength, density, and modulus of elasticity of the
geopolymers.

(4) The results showed that the lightweight geopolymer con-
crete with 28-day compressive strength of 1.0–16.0 MPa
and density of 860–1400 kg/m3 could be made. It can be
used as lightweight geopolymer concrete for masonry wall
and partitions.
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Dielectric and Piezoelectric Properties of 2–2
PZT-Portland Cement Composites
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Piezoelectric composites made from lead zirconate titanate (PZT) and cement are devel-
oped as sensors in smart concrete structures due to its compatibility to the host structure
concrete. In this work, PZT ceramic-Portland cement composites of 2–2 connectivity
were produced using a dice and fill method and their dielectric and piezoelectric prop-
erties are reported. The piezoelectric coefficients, d33, value of the 2–2 PZT-cement
composite at PZT volume content of 60% and 70% are 99 pC/N and 113 pC/N re-
spectively which are noticeably higher than that of previously tested 0–3 PZT-cement
composites. The dielectric values in 2–2 composites are also higher than that of previ-
ously tested 0–3 composites.

Keywords Composites; PZT ceramic; Portland cement; dielectric properties;
piezoelectric properties

1. Introduction

A number of cement-based piezoelectric composites consisting of piezoelectric ceramic has
been developed recently [1–9]. Piezoelectric ceramic material such as lead zirconate titanate
(Pb(Zr0.52Ti0.48)O3 or PZT) ceramic exhibits high dielectric constant and high piezoelectric
coupling coefficient and is recognised as a smart material [10–11]. Applications of smart
PZT ceramics are found in ultrasonic transducers, sensors, actuators and control systems in
the automotive, medical, military and consumer electronic industries [11]. For civil engi-
neering applications, piezoelectric PZT-cement based composites have been developed for
use as sensors in smart structures [12–23]. This is due to its better compatibility to concrete,
the main structural material used in civil engineering, over other piezoelectric materials
such as piezoelectric ceramics, piezoelectric polymer and polymer-based pieozoelectric
composites [3]. The use of such composite would provide an advantage in the matching of
structural concrete. Thus the ideal cement-based piezoelectric composites should have good
piezoelectric properties as well as good compatibility to concrete. Piezoelectric-cement
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