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This study investigated the properties of geopolymer mortars prepared from metakaolin (MK) partially replaced with oil
palm ash (OPA). The geopolymer blend had an alkaline activator (sodium silicate, sodium hydroxide, and water). The main
parameters studied were compressive strength, microstructure, and sulfuric acid resistance (losses of strength and mass).
Geopolymers were made varying the heat curing and the water to powder ratio (w/p set at 0.45, 0.55, and 0.65).
The geopolymer samples were cured at 80°C for 0.5, 1, 2, or 4 h and kept at ambient temperature until testing. The partial
substitution of MK by OPA was set at 5, 10, and 15 wt% in the mixtures. The compressive strength was measured after 2, 6,
and 24 h and 7 and 28 days. The matrix structure effects were examined using scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). The results revealed that the geopolymer mortar with
5% OPA and water to powder ratio 0.45 was superior to the other samples. SEM imaging indicated that it had a dense-compact
matrix structure, which contributed to the highest compressive strength.
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Geopolymers or alkali activated materials have the
advantage that waste materials can be used in them,
either as the main component or as a partial replacement.
These products have high early strength with good
mechanical properties and durability1,2. Initially the raw
materials for geopolymer synthesis were fly ash (FA),
metakaolin (MK), and volcanic ash (VA)3, with later use
of waste pozzolans such as oil palm ash (OPA)4, rice
husk ash (RHA)5,6 and bagasse ash (BA)7 by partial
replacement. When the main raw materials have high
calcium content, the resulting material is usually not
considered a geopolymer. In this current study, MK with
very low calcium content was used.
Geopolymers are resistant to acid solutions and have
less drying shrinkage than OPC materials. Under high
temperature curing of geopolymer, the binder paste
contributes to the low drying shrinkage. Some
researches8,9 indicate that fly ash based geopolymer
mortars with alkali activator undergo very low drying
shrinkage, compared with OPC concrete. Slaty et al.10
showed that kaolinite based geopolymers with sand
filler present excellent stability with very low shrinkage,
and no additional shrinkage is observed up to 180 days.
—————
*Corresponding author (E-mail: abideng.hawa@gmail.com)

The main product of geopolymerization reactions is
alkali aluminosilicate, which contributes to the good
mechanical properties and resistance to chemical
attacks in geopolymers. However, the physical and
mechanical properties of component phases do not
sufficiently explain the behavior of geopolymers,
instead microstructural analysis of geopolymers is
necessary. The information about the structure of
geopolymers obtainable by X-ray diffraction (XRD) is
rather limited. Consequently, scanning electron
microscopy (SEM) and Fourier transform infrared
(FT-IR) were considered for additional information in
this study. Some studies11-13 have investigated the
geopolymer structure by SEM and FT-IR. Generally,
excessive water content in cement mortar or concrete
blend reduces its final strength. However, in the case
of geopolymers the effects of water-cement ratio
(or water-powder ratio in the current study) are poorly
known. Both the mechanical properties and the
structure of MK based geopolymers may be affected by
the w/p ratio.
Currently, OPA is a waste by-product of the palm
oil industry, remaining a problem for the agro
industries in Thailand and other South East Asia. It has
been estimated that the annual industrial solid OPA
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waste in Thailand amounted to about 280,000 tons in
201114. Moreover, this production rate is likely to
increase, as the Thai government policy is to increase
the nationwide arable area. However, SiO2 is the main
chemical component in OPA, making it a potentially
valuable cementitious material.
In this study, OPA was used to replace MK in
geopolymer mortars at four levels, namely the OPA
content was varied at 0, 5, 10 and 15%. The mortars
were subjected to four types of heated curing, lasting
0.5, 1, 2 and 4 h, and had three levels of water to
powder ratios at 0.45, 0.55 and 0.65. The main
parameters studied were the compressive strength,
microstructure, and sulfuric acid resistance (losses of
strength and mass). Analytical methods used to
investigate the microstructure of the geopolymers
included scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR).

adsorption using the Quantachrome Autosorb-1-MP,
was 13.61 m2/g for MK and 13.06 m2/g for OPA.
The alkaline solution used was a mixture of sodium
hydroxide (NaOH) in flakes of 98% purity, sodium
silicate (Na2SiO3), and water. The sodium silicate
solution had a composition by weight of 14.14% Na2O,

Fig. 1 — XRD pattern of MK

Experimental Program
Materials

The metakaolin (MK) used was collected from
Narathiwat province in southern Thailand. It was
calcined in an electric furnace at 750ºC for 2 h. The
X-ray diffractogram (XRD) of MK is shown in Fig. 1.
The crystalline phases of MK consisted of quartz, illite,
and microcline. Figure 2 shows the XRD of oil palm
ash (OPA), in which the crystalline phases detected are
quartz, calcite, and sylvite. The OPA was collected
from a palm oil mill in the Krabi province of southern
Thailand.
Particle size distributions of the ground MK and
OPA were measured from wet dispersions using the
Malvern Hydro 2000 MU volume sample dispersion
unit, available for the Mastersizer 2000 granulometer.
The particle size distribution parameters d10, d50 and d90
of the MK, as determined by laser diffraction, were
1.35, 6.31 and 88.81 µm, while those for the OPA were
4.32, 19.30 and 100.11 µm. The measurements gave
the average particle sizes (d50) 6.31 µm for MK and
19.31 µm for OPA. The cumulative size distribution
curves by volume are shown in Fig. 3. The chemical
compositions analyzed by X-ray fluorescence (XRF)
of the cementitious materials are given in Table 1. The
BET specific surface area (SSA), determined by nitrogen

Fig. 2 – XRD pattern of OPA

Fig. 3 — Particle size of MK and OPA

Table 1 — Chemical compositions (wt%) of MK and OPA
Oxide
MK
OPA

SiO2
50.30
38.37

Al2O3
41.02
1.48

Fe2O3
1.05
3.01

CaO
0.33
13.84

TiO2
1.50
0.21

MgO
3.00

K2O
4.08
14.09

other
5.57

LOI
1.72
20.43
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27.67% SiO2, and 56.28% H2O. The composition was
analyzed using inductively coupled plasma-optical
emission spectrometer (ICP-OES) for Na2O and SiO2,
and by drying at 103-105ºC for H2O. River sand was
used as a fine aggregate in the manufacture of
geopolymer mortars. The river sand had specific
gravity of 2.51 and fineness modulus of 3.12.

Test and analysis methods
Compressive strength

Synthesis of geopolymer mortars

Sulfuric acid resistances

Geopolymer mortar blends were mixed from the
raw materials (MK and OPA), river sand, and
alkaline activators (Na2SiO3, NaOH, and H2O). First,
sodium hydroxide was mixed into sodium silicate
and added to water for 5 min, and the average
mixture temperature became 74±2°C from reaction
heat. Based on our experiments, the mixtures with
different water to powder ratios show differences in
temperatures for a narrow range of 2°C. When the
raw materials and river sand were added for final
mixing of 5 min, the mixture temperature became
48±2°C. The texture of the samples was quite
sticky and fast setting, and to cast them in an acrylic
mold required effort. All of the samples were heated
in an electric oven at 80°C after casting. After
curing for 0.5, 1, 2, or 4 h, they \were removed
from the oven. After unwrapping and demolding,
the samples were stored at ambient temperature
(air curing) until they were tested. The
temperature-time profile of geopolymer process is
shown in Fig. 4. The details of mixture proportions,
modulus of activating solution and total oxides
molar ratios in the mixture composition are shown
in Table 2. The samples were mixed manually, not
with a motorized mixer. The geopolymer slurries
were poured into acrylic 50×50×50 mm molds to set,
and to form samples for compressive strength
and sulfuric acid resistance testing. The samples
were compacted as described in ASTM 109/C109M15.

The geopolymer mortar samples for sulfuric acid
resistance were handled in accordance with ASTM
C109/C109M15. After heat curing in an oven for 2 h at
80°C, the 50×50×50 mm cubic specimens were
submerged in 5% sulfuric acid solution. The mass loss
and compressive strength were tested after immersion
in sulfuric acid for 28, 56, and 91 days.

The compressive strength tests were conducted
according to ASTM C109/C109M15. For each mixture
the prepared of specimens were 50×50×50 mm cubes
that were tested at 2 h, 6 h, and 24 h, and at 7 days and
28 days.

Scanning electron microscopy (SEM)

SEM analyses were performed using a JMS-5800
LV model scanning electron microscope (JEOL,
Japan) to assess the microstructures of geopolymer
mortars. Small scraps of the samples were tested using
scanning electron microscopy.
X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) tests were performed to
investigate the phase composition and the crystalline
content in unexposed MK, OPA and in geopolymer

Fig. 4 —The temperature-time profile of geopolymer process

Table 2 — Mix proportions of geopolymer mortars (1,000 g)
Sample name
G-0.5-0.45
G-1-0.45
G-2-0.45
G-4-0.45
G-2-0.55
G-2-0.65
G5-2-0.45
G10-2-0.45
G15-2-0.45

SiO2/Al2O3
(molar ratio)

Na2SiO3
(g)

NaOH
(g)

MK
(g)

OPA
(g)

Sand
(g)

Water
(g)

Heat time
(h)

2.77
2.77
2.77
2.77
2.77
2.77
2.88
3.01
3.15

112
112
112
112
112
112
112
112
112

44.8
44.8
44.8
44.8
44.8
44.8
44.8
44.8
44.8

189.4
189.4
189.4
189.4
189.4
189.4
179.9
170.5
161.0

9.5
18.9
28.4

568.3
568.3
568.3
568.3
568.3
568.3
568.3
568.3
568.3

85.3
85.3
85.3
85.3
85.3
85.3
85.3
85.3
85.3

0.5
1
2
4
2
2
2
2
2
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paste. Powder XRD was conducted using an X’Pert
MPD X-ray diffractometer (PHILIPS, Netherlands) at
angles from 5° to 40° (2𝜃) using the clay and rock
0.4 program.
Fourier transform infrared spectrophotometer (FT-IR) analysis

FT-IR analysis was performed using the KBr pellet
method on EQUINOX 55 spectrometer (Bruker,
Germany), across the wavenumber range 4000-400 cm-1.
Results and Discussion
Compressive strength

Almost all tested specimens set and formed hard
samples almost instantly when mixed at ambient
temperature. The compressive strength testing was
focused on the influences of curing time and different
water-powder ratios. Figure 5 presents the effects of
curing time on the compressive strength of geopolymer
mortars at 2, 6, and 24 h, and at 7 and 28 days after heat
curing. It should be noted that the specimens were under
heat curing during 0.5 to 4 h. The specimens were not
cured at 80°C up to 28 days. After heating curing
(0.5, 1, 2, or 4 h for different mixtures), the specimens
were left at ambient temperature until strength testing.
The early 2 h compressive strength at ambient
temperature is high for all mixtures, partly because the
samples were prepared from hot mixtures before curing
in an oven. However, the sample cured for 0.5 h (G-0.50.45) had the lowest compressive strength, and it is very
different from those with longer curing at 80°C. The
curing may increase the degree of geopolymerization
because of increased reaction extent or different
reactions that form further (longer chained) products.
On the other hand, at longer ages, the geopolymerization
slightly developed further strength; especially those
specimens cured for 2 and 4 h.
The effects of water-powder ratio on compressive
strength of the MK-based geopolymer mortars cured at

Fig. 5 — Compressive strengths of geopolymer mortars across
various heat curing times

80°C for 2 h are illustrated in Fig. 6. For all mixtures,
a low water-powder ratio with curing at an elevated
temperature was found to improve the compressive
strength. However, the G-2-0.45 and G-2-0.55 samples
with slightly different values were cured at ambient
temperature. The compressive strength at all ages of
these samples significantly improved to the range from
62.71 to 67.51 MPa. However, the decreased
compressive strength with the highest water-powder
ratio was clearly due to low extent of reactions. Similar
to OPC mortar or concrete, the G-2-0.65 sample had
low concentration of alkaline activator and high
amount of free water. It was observed that the 0.45 and
0.55 ratios showed slightly different values. This may
be attributed to the fact that the MK had comparatively
high specific surface area (13.61 m2/g).
The compressive strength results of the mixes with
varied OPA and w/p are presented in Fig. 7. It can be
observed that the compressive strengths of the
specimens without OPA (G-2) were slightly low,
especially for the 0.45 and 0.55 w/p samples.
Nevertheless, the compressive strength of samples
having partial replacement of MK with OPA clearly

Fig. 6 — Compressive strengths of geopolymer mortars heat cured
at 80°C for 2 h

Fig. 7 — Compressive strengths of geopolymer mortars containing
OPA, heat-cured at 80°C for 2 h
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decreased with OPA content. On comparing mortar
samples with 5% OPA binder but varying w/p ratio, a
higher w/p ratio gave lower strength. This is because
high w/p ratio increases the free water, while
the average particle sizes (6.31𝜇m for MK against
19.31 𝜇m for OPA) correlate to the specific surface
area (SSA). Moreover, a higher w/p ratio increased the
porosity and the flakes in the binder matrix (see Fig. 8).
Chen et al.16 determined the effects of different
water-binder ratios on geopolymers with reservoir
sludge as a partial replacement of metakaolin, and high
water-binder ratios reduced the strength.
Scanning electron microscopy (SEM)

Microstructures of the MK-based geopolymers,
containing 5% OPA with diverse water to powder
ratios, were imaged by SEM with results shown in
Fig. 8. Some crude materials, which had not reacted,
were partly covered with flakes on the specimen
surfaces. It was evident that the G5-2-0.55 and G5-20.65 matrices were not homogeneous and contained
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little pores. The G5-2-0.65 specimen had numerous
flakes and the largest cracks (see Fig. 8c), while in the
G5-2-0.45 sample a lower content of unreacted crude
materials was apparent in the samples (see Fig. 8a).
It was likewise found that the G5-2-0.45 sample had
good homogeneity and the least number of pores across
these cases, and it had the least unreacted MK and
OPA. This case likewise delivered the highest 68 MPa
compressive strength, whereas the G5-2-0.55 and G52-0.65 samples had in comparison greatly reduced
strength. This suggests that the dispersion of the
aluminosilicate materials from geopolymerization
gave the best compressive strength to the G5-2-0.45
case. The pores, flakes, and cracks in the geopolymer
reduce its compressive strength, and these are apparent
in Figs 8(b) and 8(c).
X-ray diffraction (XRD)

The X-ray diffractograms of the geopolymer
samples containing 5% OPA with various w/p ratios
are shown in Fig. 9. The crystalline phases are similar

Fig. 8 — SEM micrographs of geopolymer mortar containing 5% OPA: (a) G5-2-0.45, (b) G5-2-0.55 and (c) G5-2-0.65
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in all cases, consisting of quartz, illite and microcline.
These cases are clearly distinct from the native MK.
However, it was observed that the geopolymer samples
had lost calcite and sylvite from the primary crystalline
phases of OPA. This is because of the small amount of
OPA used, and the OPA had only little calcite and
sylvite. It is indicative that the reactions between
powder and alkaline activator produce quartz, illite and
microcline minerals, which contributed to the
hardening of the geopolymer. At the high 0.55 and 0.65
w/p, the mineral phases in the sample paste remained
relatively unchanged. However, a significant increase
in the peak intensity of microcline was noted around
2θ= 27°, from the remaining microcline in MK.
Fourier transform infrared spectroscopy (FT-IR)

Figures 10 and 11 show the FT-IR spectra of the
MK, OPA, and the samples G5-2-0.45, G5-2-0.55, and
G5-2-0.65 for purposes of comparison. The major band
of MK at approximately 1,083 cm-1 is associated with
the asymmetric stretching vibrations of Si-O-(Al or Si).
Duxson et al.17 show that this band is typical for
amorphous aluminosilicate. The peak band is observed
at frequencies near those reported in literature18. The
broad adsorption bands of MK around 810 and 464 cm1
were assigned to Al-O vibrations and Si-O stretching
vibrations, respectively. In the OPA spectra, the -OH
groups were also detected at 1422 cm-1, and the band at
approximately 789 cm-1 indicates Al-O or Si-O-Al
groups. The main peak of OPA at around 1030 cm-1 is
attributed to the stretching of Si-O and Al-O.
Figure 11, the FT-IR spectra of the geopolymer
samples had major bands at around 3453, 1659, 1000,
723, 589, and 446 cm-1. The interesting findings from

Fig. 9 — XRD patterns of geopolymers containing 5% OPA, heat
cured for 2 h

geopolymerization products include the bands located
at approximately 3453 and 1659 cm-1 for the O-H
stretching vibrations and the H-O-H bending
vibrations, respectively. These bands indicate hydroxyl
groups18,19. The principal band associated with the SiO-(Al or Si) stretching vibrations at 1000 cm-1 had a
spectral peak for the geopolymer materials. The Si-O(Al or Si) bond in the reaction products has also been
found in earlier research20. Previous studies with fly
ash21,22 and metakaolin based geopolymers23-25
reported that the geopolymer materials has an obvious
peak at approximately 1000 cm-1. The principle groups
in the geopolymers were related to the base materials
in the MK, across the 400 and 2000 cm−1 range in the
FT-IR spectra. It has been formerly accounted that
some amount of unreacted crude materials will remain
in geopolymerized items26. The binder aluminosilicate
matrix was formed by geopolymerization to an extent
dependent on the w/p ratio, for these MK and OPA
based materials, and the alkaline activator affects the
FT-IR patterns. The impact of the w/p ratio on the
nanostructure may be rather small, based on the FT-IR
spectra in Fig. 11. The patterns in the FT-IR spectra
were slightly different in a previous study27 which
reported that fly ash based geopolymers with different

Fig. 10 — FT-IR spectra of the raw materials
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w/p ratios have very similar FT-IR spectra, suggesting
similar nanostructures.
Three samples showed common behavior in the
FT-IR spectra. To investigate this further, changes in
the chemical bonds from the FT-IR analysis are shown
in Fig. 12. It is observed that the binder system gives a
strong peak at approximately 1000 cm-1 which can be
attributed to the asymmetric stretching mode of Si-O(Al or Si) bond, as indicated previously in Fig. 12. The
compressive strength of the geopolymer mortars is
associated with high absorption in this band, indicating
that the quality of geopolymer can to some extent be
assessed from the FT-IR results. In addition, the area

505

under FT-IR curves for the 0.45, 0.55, and 0.65 w/p
samples, with 5% OPA and heat cured for 2 h, is shown
in Fig. 12. The areas under the curve were 156,054.5,
160,678.1, and 161,305.6 for 0.45, 0.55, and 0.65 w/p,
in this order. It is observed that the area under FT-IR
curve significantly correlates with the compressive
strength (see Fig. 7) of the geopolymer.
Sulfuric acid resistance
Compressive strength

Figure 13 shows the effects on compressive strength
from exposure to sulfuric acid. The G-2-0.45 sample
had the highest compressive strength before treatment
with sulfuric acid. However, after 28 days of
immersion the compressive strength of G-2-0.45 had
lost 62.8%. In contrast, the G15-2-0.45 sample had
only 40.7% strength loss. It may be that OPA limits the
aluminosilicate bonding in geopolymer mortars,
and these bonds are vulnerable to sulfuric acid.
After 28 days the compressive strengths of the
geopolymers were steady with no more changes.
Mass loss

The sulfuric acid resistances of geopolymer mortars
were tested after heat curing in the oven at 80°C for
2 h. Figure 14 presents the mass losses of geopolymer

Fig. 12 — FT-IR spectra of geopolymer samples

Fig. 11 — FT-IR spectra of geopolymer samples containing 5%
OPA, heat-cured at 80°C for 2 h

Fig. 13 — Compressive strengths of geopolymer mortars after
exposure to 5% H2SO4 solution
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