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Setting time and CompreSSive Strength of geopolymerS made of three indoneSian low CalCium 
fly aSh with variation of Sodium SiliCate addition

in this research, the effect of sodium silicate (na2Sio3) on the geopolymerization of fly ash type F (low calcium) has been 
studied. the variations of na2Sio3 used in the synthesized geopolymers were 19, 32, and 41wt%. the fly ash from three different 
power plant sources was characterized using X-Ray Fluorescence (XRF), X-Ray diffraction (XRd), Particle Size analyzer (PSa), 
and Scanning Electron microscopy (SEm). Fly ash-based geopolymers were tested for mechanical strength and setting time. the best 
geopolymer was obtained by adding 32% na2Sio3, produced a compressive strength of 21.62 mPa with a setting time of 30 hours. 
additions of 19wt% na2Sio3 failed to form geopolymer paste while the addition of 41wt% na2Sio3 decreased the mechanical 
strength of the geopolymer. Higher calcium content in low calcium fly ash produces stronger geopolymer and faster setting time.
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1. introduction

geopolymer refers to the condensation product of alumi-
nate and silicate ions to form three-dimensional amorphous alu-
minosilicate networks. geopolymers can be made from various 
aluminosilicate materials. at the beginning of the development 
of geopolymers, davidovits used kaolin as an aluminosilicate 
source while sodium silicate and naoH solution were used 
as activating agents [1-5]. Fly ash is one of the coal combus-
tion by-products that contain aluminosilicate materials. it has 
caught the high attention of researchers in recent decades due 
to the steady increase of fly ash production as the demand for 
electricity and coal consumption increases [1-3]. the utiliza-
tion of fly ash is focused on large-scale applications, such as 
geopolymer, building materials, road construction, filler, and 
agriculture [5-10].

in geopolymer application, the physical and chemical prop-
erties of fly ash, which depends on the type of coal used and the 
combustion process in the power plant, affect the geopolymeriza-
tion process. the physical properties refer to particle size and 
distribution; crystallinity, and morphology, while the chemical 
properties refer to chemical components and composition. one 
of the chemical properties that affect the geopolymerization 

reaction is calcium content. Fly ash with high calcium content 
produces geopolymers with fast setting time and a fairly high 
and stable initial mechanical strength. on the other hand, fly 
ash with low calcium will produce very low setting time or even 
fails to geopolymerize. 

zhang et al. [11] reported that the important factors that 
influence the fly ash geopolymerization process are water con-
tent, activating bases, types of cations in the activating bases, 
morphology, and crystallinity. the process requires strong alkalis 
to activate Si and al from fly ash [12]. in addition to naoH 
as a strong alkali to activate fly ash, geopolymerization also 
requires the addition of soluble silicates in the liquid phase, so 
the activated silicates of fly ash can react with soluble silicate 
additive in the polycondensation at an early stage [13]. Sodium 
silicate (na2Sio3) can also act as a binder for aluminosilicate 
sources. the silicate ions contained in sodium silicate are  already 
in the form of oligomers that are ready to polymerize with 
silicate and aluminate ions. therefore, the presence of sodium 
silicate is very important and influences important properties 
of geopolymer products such as compressive strength and set-
ting time. theoretically, the more sodium silicate is added, the 
more soluble silicates ions are available to react with dissolved 
silicates and/or aluminates of fly ash in the liquid phase of the 
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geopolymerization process which will gradually produce mono 
silicate, trimer, and cyclic chains, then form a three-dimensional 
polymer complex structure. the complex structure of the ge-
opolymer matrix is responsible for the increase of mechanical 
properties of the geopolymer because it forms a more homoge-
neous microstructure [14,15].

in this work, fly ash type F from three different sources 
was used to produce geopolymers and the addition of sodium 
silicate was varied. a preliminary study showed that the fly ashes 
contain Cao of less than 10%. according to some reports, fly 
ash is classified as low in calcium if it contains less than 10% 
Cao [16-18]. Fly ash in this study was taken from three power 
plants namely ketapang, Sanggau, and Wilmar. based on our 
early study, these fly ashes failed to form geopolymers when they 
were made under a standardized method [19]. there are some 
reasons behind the unsuccessful geopolymerization of the three 
low calcium fly ash, one of which is the lack of sodium silicate 
to form oligomers which will later become the initiator of the 
geopolymerization reaction. in addition to sodium silicate, low 
calcium content can also cause a slow setting time of geopolymer. 
therefore, it is necessary to observe the effect of sodium silicate 
amount in the preparation of geopolymers using low calcium fly 
ash and study their effect on mechanical strength and setting time 
of geopolymer products.

2. method

2.1. materials

three different sources of fly ash were used for this 
research. they were collected from ketapang, Sanggau, and 
Wilmar Power Plant. ketapang and Sanggau are located in West 
kalimantan while Wilmar is located in East java, indonesia. 
Pro analytical grade chemicals aluminum hydroxide (al(oH)3) 
powder and sodium hydroxide (naoH) pellets of Sigma-aldrich 
while technical grade sodium silicate (na2Sio3) of Pt. brataco 
was used as an additive and alkaline activator.

2.2. fly ash preparation

all fly ashes were firstly sieved using a 100-mesh test 
sieve and dried in an oven at 105°C for 24 hours. the dried 
ash was then characterized using XRF, XRd, SEm, and PSa. 
XRF (X-Ray Fluorescence) was used to determine the elemental 
composition of the ashes. the XRF instrument used was the 
XRF spectrometer S8 tiger Wd, bruker. XRd (X-Ray diffrac-
tion) was used to determine the crystallinity and phase compo-
sition of fly ash. the analysis was performed using the Xpert 
PANalytical XRD instrument, using CuKα1 (λ = 1.5406 Å) 
radiation and running at 40kv and 30 ma. measurements were 
taken from 5 to 95° 2θ at a speed of 2° min–1 with a step size 
of 0.02°. Phase identification was carried out using Match soft-
ware. SEm (Scanning Electron microscope, zeiss Evo ma 10) 

was used to determine the morphology and shape of fly ash 
particles. PSa (Particle Size analyzer, malvern’ mastersizer 
2000) was used to determine the particle size distribution of  
fly ash. 

2.3. preparation of geopolymer 

geopolymer preparation was started by mechanically mixed 
the sieved and dried fly ash with al(oH)3 powder. Sodium 
hydroxide and sodium silicate solution were added into the 
mixture and stirred using a hand mixer for 4 minutes to form 
a geopolymer paste. the sodium hydroxide solution was made 
one day before geopolymer preparation. the composition of 
chemicals used in geopolymer preparation can be seen in ta-
ble 1. geopolymer paste was molded in cylindrical molds with 
a diameter to height ratio of 1:2 and leave to hardens in the air at 
room temperature. the hardened geopolymer was then removed 
from the mold, put into a plastic clip bag, and heated in an oven 
for 24 hours at 55°C. the geopolymer was then cured in the air 
at room temperature for 7 days.

tablE 1

the composition of the raw material for making  
geopolymers

Sample 
name

mass (g) Concentration of 
na2Sio3 (mass %)fly ash al(oh)3 naoh na2Sio3

Ketapang 
260 3.4 78 80 19
260 3.4 78 160 32
260 3.4 78 240 41

Sanggau 
260 3.4 78 80 19
260 3.4 78 160 32
260 3.4 78 240 41

wilmar 
260 3.4 78 80 19
260 3.4 78 160 32
260 3.4 78 240 41

2.4. geopolymer characterization 

Setting time testing of geopolymer was carried out using 
a vicat needle. the geopolymer paste in the mold was inserted 
with a loaded vicat needle. the vicat needle penetrates the ge-
opolymer and its depth was measured. the test was repeated with 
a certain interval according to the consistency of the geopolymer 
paste and the setting time was reported as the total time needed 
until the loaded vicat needle cannot penetrate the paste.

a compressive strength test of geopolymers was carried 
out using a universal testing machine. the test was applied to 
geopolymer samples after being cured for 7 days. before the test, 
the top and bottom sides of geopolymer samples (cylindrical 
form) were flattened. Each testing was done using 5 specimens. 
the data obtained was the compressive force exerted on the 
geopolymer in kilo newton (kn) units. the analysis results are 
converted and presented in mega Pascal (mPa) units.
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3. result and discussion

3.1. Chemical composition of fly ash

the chemical composition of fly ashes, obtained by XRF, 
is shown in table 2. major chemical components are Sio2 and 
al2o3. the mol ratio of Sio2:al2o3 is an important factor that 
affects geopolymer properties [20]. the table also shows that 
the composition of pozzolanic compounds (a mixture of Sio2, 
al2o3, and Fe2o3) in the three fly ash samples is higher than 70% 
and the calcium content of fly ash from ketapang, Sanggau, and 
Wilmar is less than 10%. therefore, according to aStm C618, 
the three fly ash samples are classified as type F [16-18]. the 
three fly ashes also contained quite high Fe2o3, ranging from 11 
to 15%. Fe2o3 in fly ash may react with naoH solution to form 
Fe(oH)3. the reaction may result in lowering naoH concentra-
tion which is needed to dissolve Si and al on fly ash and cata-
lyze the condensation of silicates and aluminates ions to form 
a geopolymer [21]. therefore, a high concentration of Fe2o3 
may have a negative effect on the quality of the geopolymer.

tablE 2
oxide compounds of fly ash

fly ash
Composition (wt%)

loi
Sio2 al2o3 fe2o3 Cao mgo na2o others

Ketapang 40.42 19.45 13.49 9.31 5.45 0.51 11.37 6.59
Sanggau 38.09 23.10 15.17 8.74 5.50 0.56 8.84 4.98
wilmar 51.02 20.80 11.64 4.70 1.42 0.26 10.16 5.79

3.2. Composition of mineral and crystalline phase  
of fly ash

the mineral phase composition and crystallinity of fly ash 
were analyzed using XRd (X-Rays diffraction). diffractograms 
of all fly ashes are depicted in Fig. 1. the three fly ashes have 
many sharp peaks that indicate high crystallinity. the amorphous 
phase was detected as a hump between 20 and 40° 2θ although 
they are not very clearly seen on fly ash of Wilmar and Sang-
gau. the presence of an amorphous phase in fly ash has a posi-
tive effect on the geopolymerization process because it can be 
hydrolyzed in an alkaline solution [20,22]. 

the mineral phases were identified using match 3.0 soft-
ware. Fig. 1 shows that fly ashes contain the same mineral phase 
namely quartz (Q, Sio2) mullite (m, 2al2o3.Sio2), and Calcite 
(C, CaCo3). the minerals in each fly ash reflect the chemical 
composition which was detected by XRF. However, there is 
no-iron containing phase was detected on the diffractogram 
although iron content is relatively high in all fly ash. there are 
two possible cause for the undetected iron-containing minerals. 
iron might be existing only in the amorphous phase or the con-
centration of iron-containing minerals is too low to be detected 
by the X-ray diffractometer. 

mullite, quartz and amorphous phase are the source of 
silicate and aluminate ions which are essentials in geopolymer 

formation. However, not all silicate and aluminates from mul-
lite, quartz, and amorphous phase are activated and reacted to 
form geopolymer. nevertheless, jang et al. [20] reported that 
the unreacted particles of mullite and quartz may act as micro-
aggregates during the geopolymerization process which was also 
supported by other reports [22,23]. 

Fig. 1 also shows that quartz is a dominant phase in all fly 
ashes. the highest concentration is shown by Wilmar fly ash 
where the Sio2 content is also the highest (51.02 wt%). the 
lower intensity of quartz peak of ketapang (Sio2 = 40.42 wt%) 
than Sanggau (Sio2 = 38.09) fly ash reflects that Si composition 
in the amorphous phase of ketapang is higher than Sanggau fly 
ash. gupta et al. [23] reported that fly ash reactivity doesn’t relate 
linearly with quartz content since phases, especially amorphous, 
also have a contribution to fly ash reactivity.

in contrast to quartz, the diffraction intensity of calcite is 
proportional to the calcium content in each fly ash. it indicates 
that all calcium in each fly ash exists in the form of calcite. the 
calcium content in fly ash affects the setting time, microstructure, 
and mechanical strength [14]. Higher calcium content promotes 
faster setting time, denser microstructure, and higher mechani-
cal strength. according to calcite content, the geopolymer with 
the fastest setting time and highest mechanical strength shall be 
made of ketapang fly ash.

Fig. 1. X-ray diffractograms of fly ash

3.3. particles size distribution of fly ash

Particle size distribution greatly affects the strength of the ge-
opolymer. larger fly ash particles will be more difficult to dissolve 
completely in an activating base solution that leads to severely 
incomplete geopolymerization process that affects the mechani-
cal strength of the geopolymer product [24,25]. therefore, it is 
important to characterize the particle size and size distribution 
of fly ash. the particle size distribution of all fly ashes is shown 
in Fig. 2. Fly ash of ketapang and Sanggau have similar particle 
size distribution while fly ash of Wilmar has wider size distri-
bution and higher average particle size. according to de Rossi 
et al. [26], the heterogeneous or non-uniform size of particles 
may reduce the mechanical strength of the geopolymer [26].
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Fig. 2. Particle size distribution of fly ash

Particle size can cause different rates of geopolymerization 
reactions due to the dissolution process of Si and al ions from 
the ash, which is started from the surface of the fly ash particles. 
the larger the particle size, the slower the dissolution of Si and 
al ions from the fly ash. Previous reports [26-28] revealed that 
the small size of fly ash particles can increase the compressive 
strength of the geopolymer produced. Smaller particles have a 
larger surface area which means that more area is available to 
be activated by alkaline activator and then polymerized into 
geopolymer.

3.4. morphology of fly ash

SEm analysis can be used to determine the morphology, dis-
tribution, and size of fly ash particles. information on the shape 
and morphology of fly ash particles can be used to estimate the 
mechanical and physical properties of geopolymers [29]. SEm 
images in Fig. 3 shows that fly ash particles of ketapang, Sang-
gau, and Wilmar are dominated by irregular shapes. a similar 
form was found in the results of previous studies [23,29]. Fly 
ash was produced from burning coal. the irregular shape of the 
fly ash particles indicates improper burning [23,30].

Fly ash of ketapang has a nearly balanced particle shape 
between irregular and spherical particles. Fly ash of Sanggau 
and Wilmar were dominated by irregular shapes but the size 
of fly ash of Wilmar is more heterogeneous. the micrographs 
of all fly ashes are consistent with particle size analysis results.

3.5. Setting time of geopolymer

the setting time of data geopolymer is shown in Fig. 4. only 
geopolymers that were made using 19 wt% of sodium silicate 
failed to harden. overall, higher sodium silicate produces a long-
er setting time. geopolymer of ketapang fly ash has the fastest 
setting time, followed by Sanggau and Wilmar fly ash. the 
sequence follows exactly the same as the calcium contents. kaja 

et al. [14] explained that the presence of high calcium content 
in fly ash supports a faster hardening process and the formation 
of a geopolymer matrix and produces a denser microstructure 
and high mechanical strength, which affects the speed of the 
geopolymer setting time. the calcium content (in the form of 
calcite, CaCo3), may react with dissolved silicate and aluminate 
to form calcium-aluminate-silicate-hydrate (C-a-S-H) which 
results in the early stage hardening [31-33]. as a result, higher 
calcium content produces geopolymer with a faster setting time.

Fig. 3. SEm photo of (a) ketapang, (b) Sanggau, (C) Wilmar fly ash
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Setting time of all geopolymers made of the three low cal-
cium content fly ashes are very low compared to those reported 
by other researchers [27,33-35]. For example, the fastest setting 
time in this research is 30 hours while zailani et al. [31] reported 
only 30 minutes. Fly ashes in this research contain Cao less 
than 10wt% while fly ash in zailani et al. [31] was 18.4 wt%. 
another factor that might alter the setting time is iron content. 
Fansuri et al. [36] reported that Fe2o3 can react with naoH to 
form Fe(oH)3 gel that consumes some naoH so it reduces the 
strength of alkali activator that is needed to dissolve silicates and 
aluminates from fly ash and in the geopolymerization process 
itself. this situation might results in a reduction of setting time. 
However, data in table 2 (Fe3o3 content) and Fig. 4 shows that 
the calcium effect is more dominant. 

Fig. 4. Setting time of geopolymer

3.6. geopolymer product and mechanical strength

table 3 summarizes the experimental results of the ge-
opolymerization of the three fly ashes under varied sodium 
silicate mass percentages. among three variations, geopolymers 

made of all three fly ashes were failed to form when the added 
sodium silicate was 19 wt% as shown in Fig. 5. on the other 
hand, geopolymer pastes were formed at the addition of 32 and 
41 wt% sodium silicate. addition only 19 wt% of sodium silicate 
solution reduces the proportion of liquid phase in geopolymer 
mixture. although the geopolymerization process produces water 
as a result of the condensation reaction, in the beginning, the 
process needs enough water to dissolve silicate and aluminate 
ions from fly ash and facilitating the polymerization process. 
Sodium silicate solution is one source of water in the geopoly-
merization process besides water that was intentionally added 
and water in the sodium oxide solution. 

tablE 3

geopolymer synthesis observations

fly ash Concentration of 
na2Sio3 (wt%) observation result

Ketapang 
19 no geopolymer formed
31 geopolymer was formed
41 geopolymer was formed

Sanggau 
19 no geopolymer formed
31 geopolymer was formed
41 geopolymer was formed

wilmar
19 no geopolymer formed
31 geopolymer was formed
41 geopolymer was formed

Fig. 6 shows the compressive strength, the sole mechanical 
strength test that was carried out in this research, of geopolymers 
of ketapang, Sanggau, and Wilmar fly ashes. the compressive 
strength data of 19 wt% sodium silicate addition is not avail-
able because the geopolymer paste failed to form. the addition 
of 32 wt% sodium silicate resulted in the greatest compressive 
strength (21.62 mPa), followed by 12.08 and 8.90 mPa for 
geopolymer of ketapang, Sanggau, and Wilmar fly ash, respec-
tively. this is due to the combination of the activating bases, 
the amount of fly ash, and sodium silicate at the right ratio. 

Fig. 5. Fly ash: a). ketapang, (b). Sanggau and (c). Wilmar which failed to form geopolymers
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the addition of less sodium silicate cannot form a geopolymer 
paste apart from the lack of viscosity produced as well as the 
insufficient number of activating bases to bind the fly ash. on 
the other hand, the addition of 41 wt% sodium silicate results 
in a decrease in the compressive strength of the geopolymer 
product. Higher sodium silicate means higher water content in 
the geopolymerization process. geopolymer is produced in the 
gel phase. When the liquid phase is too high, the concentration 
of water is too high as well and hindered the formation of the 
gel. High water content promotes the formation of zeolite which 
is crystalline and may reduce the strength of geopolymer. the 
results show that the concentration of sodium silicate in geopoly-
mer preparation from fly ash affects the mechanical strength 
of the produced geopolymer. therefore, it is very important to 
control sodium silicate content in making geopolymer, particu-
larly from low calcium fly ash.

in addition to sodium silicate, the compressive strength of 
geopolymer also follows the composition of calcium in the ash. 
Fig. 6 shows that fly ash of ketapang with the addition of 32 wt% 
sodium silicate has the highest initial mechanical strength than 
the others due to its highest Cao content. When compressive 
strength as a function of sodium silicate percentage was plot 
together with Cao, Fe2o3, and calcite content as presented in 
Fig. 6, it can be seen clearly that the pattern of compressive 
strength follows the pattern of Cao and Calcite content while 
Fe2o3 seems to no effect.

Fig. 6. mechanical strength of geopolymer

4. Conclusions

1. Fly ash of Sanggau, ketapang, and Wilmar with Cao con-
tent of 9.3, 8.7, and 4.7wt%, respectively were used as the 
raw materials for making geopolymers.

2. the three fly ashes were able to be made into geopolymer 
at the additions of 32 and 41wt%sodium silicate. the addi-
tion of 19wt% sodium silicate failed to produce geopolymer 
while the maximum compressive strength was achieved 
at the addition of 32wt% sodium silicate. the addition of 
higher sodium silicate than 32wt% resulted in lower com-
pressive strength as well as longer setting time.

3. the compressive strength of the resulted geopolymers also 
follows the content of calcium and calcite content in the fly 
ash. the highest calcium and calcite content, the highest 
the compressive strength of the resulted geopolymer.

4. the geopolymer set longer when the sodium silicate con-
centration increases. in contrast, the compressive strength 
of geopolymer decrease when using a higher sodium silicate 
percentage.
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