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ABSTRACT

Geopolymer as a Portland cement substitute had been synthesized from alkaline activation of co-combustion
residuals of bamboo and kaolin. Types of used alkaline activators were NaOH solution, KOH solution, a mixture of
NaOH solution-water glass, and a mixture of KOH solution-water glass. Geopolymer with NaOH solution as activator
had a compressive strength which was higher compared to geopolymer with KOH solution as an activator. However,
geopolymer with NaOH solution-water glass as activator had a compressive strength which was lower compared to
geopolymer with KOH solution-water glass as activator either at room temperature curing or at a curing temperature
of 60 °C. The use of water glass with NaOH or KOH solution as activator could increase the compressive strength of
geopolymer and yielded geopolymer having denser and more homogeneous microstructure seen from SEM images.
XRD patterns revealed the presence of sodium aluminosilicate hydrate in geopolymer with NaOH solution and
NaOH solution-water glass as activators, and potassium aluminosilicate hydrate in geopolymer with KOH solution
and KOH solution-water glass as activators. Furthermore, FTIR spectra indicated asymmetrical vibration of Si(Al)-O
at around 1008 cm! related to geopolymer product.
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ABSTRAK

Geopolimer sebagai pengganti semen Portland telah dibuat dari aktivasi alkali residu pembakaran bersama
bambu dan kaolin. Jenis aktivator alkali yang digunakan adalah larutan NaOH, larutan KOH, campuran larutan
NaOH-water glass, dan campuran larutan KOH-water glass. Geopolimer dengan larutan NaOH sebagai aktivator
mempunyai kuat tekan lebih tinggi dibandingkan geopolimer dengan larutan KOH sebagai aktivator, tetapi
geopolimer dengan larutan NaOH-water glass sebagai aktivator mempunyai kuat tekan lebih rendah dibandingkan
geopolimer dengan larutan KOH-water glass sebagai aktivator baik pada pematangan di suhu kamar maupun di
suhu 60 °C. Penggunaan water glass dengan larutan NaOH atau KOH sebagai aktivator dapat meningkatkan kuat
tekan geopolimer dan menghasilkan geopolimer dengan mikrostruktur lebih padat dan lebih homogen dari citra
SEM. Pola XRD mengungkapkan adanya natrium aluminosilikat hidrat dalam geopolimer dengan larutan NaOH
solution dan larutan NaOH-water glass sebagai aktivator, dan kalium aluminosilikat hidrat dalam geopolimer dengan
larutan KOH dan larutan KOH-water glass sebagai aktivator. Selanjutnya, spektra FTIR menunjukkan vibrasi
asimetris dari Si(Al)-O di sekitar 1008 cm yang berhubungan dengan produk geopolimer.

Kata Kunci: aktivator alkali; bambu; semen; geopolimer; kaolin
INTRODUCTION from limestone and clay that takes place at a
temperature about 1400 °C and produces CO:

emissions of 0.9 ton/ton product, geopolymer
production needs lower energy consumption and

Geopolymer has been developed as a Portland
cement substitute. Geopolymer having empirical formula

of Mn(-(SiO2)-AlO2)n.wH20 (M = Na*/K* cation; z = 1,2,3;
n = degree of polycondensation) is derived from
polymerization of materials containing alumino-silicate
oxides and alkaline activators at temperature below
100 °C [1]. Compared to Portland cement production
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produces lower CO2 emissions (0.09 ton/ton product)
[2-3]. Research on geopolymer application as a
Portland cement substitute has shown that geopolymer
has high mechanical strength, fire resistance, and acid
resistance characteristics [4].
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Materials containing alumino-silicate oxides for
geopolymer production are natural minerals (e.g., kaolin,
metakaolin), solid waste from a combustion process (fly
ash, biomass ash), and solid waste from steel industry
(slag) [5]. Biomass ash has been utilized as geopolymer
raw material, i.e., rice husk ash [6], wood ash [7] and
palm oil fuel ash [8]. Bamboo ash contains high silica
that can be utilized as geopolymer raw material. Co-
combustion of bamboo and kaolin as additives produces
residuals containing high silica and high alumina [9]. The
addition of kaolin in bamboo combustion as energy
source aims to prevent the occurrence of sintering and
slag formation caused by alkali in bamboo ash.

The mechanism of the geopolymerization reaction
is as follows [2]:
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Alumino-silicate material in the presence of an
alkaline activator (alkali hydroxide solution or a mixture
solution of alkali hydroxide and alkali silicate) will be
dissolved, polymerized, and finally hardening to form
geopolymer. One of the influencing factors in the
geopolymerization process is alkaline activator type [4].
Therefore, this paper presents the effect of alkaline
activator types on compressive strength and
microstructural properties of geopolymer cement from
co-combustion residuals of bamboo and kaolin.
Microstructural properties of geopolymer comprised
microstructure by scanning electron microscopy, phase
analysis by X-ray diffraction and functional group
analysis by Fourier transform infrared spectroscopy.

(Na,K)-poly(sialate-siloxo)

EXPERIMENTAL SECTION
Materials

Materials used were apus bamboo (Gigantochloa
apus), kaolin powder, river sand, commercial NaOH
flakes (purity of 98%), commercial KOH flakes (purity of
90%), and commercial water glass or sodium silicate
(SiO2 = 30%, Naz0 = 9%, H20 = 61%). Apus bamboo
was obtained from Central Java, kaolin powder was
obtained from Bangka Belitung island region, and river
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sand was obtained from West Java. Apus bamboo ash
contains SiO2 (58.60%), Al203 (0.73%), K20 (26.43%),
and Na2O (0.51 %); while kaolin contains SiO2
(53.90%), Al0s (42.43%), K20 (1.12%) and Na20
(0.19%) [9].

Instrumentation

Compressive strength test

The compressive strength tests were conducted
by Controls Unitester C21 testing machine on
geopolymer mortars. The compressive strength in MPa
unit was calculated by dividing the total maximum load
in N unit by area of the loaded surface in mm?2 unit [10].

Microstructure analysis

SEM images of gold coated specimens were
acquired from backscattered electron images using FEI
Quanta FEG 450 scanning electron microscope with
500x magnification.

X-ray diffraction analysis

X-ray diffractograms were collected using
Panalytical Empyrean X-ray diffractometer employing
Cu Kq radiation. The range of scanning angle 206 was
from 5° to 70°.

Fourier transform infrared analysis

FTIR spectra were recorded by the KBr pellet
technique using Shimadzu IR Prestige-21 FTIR
spectrophotometer in the region of 400-4000 cm-2.

Procedure

Preparation of geopolymer raw materials

Alumino-silicate  materials  for  geopolymer
synthesis were co-combustion residuals of bamboo
and kaolin. A mixture of bamboo and kaolin with a
weight ratio of 95:5 was combusted first in fixed bed
furnace and then combusted in an electric furnace at
550 °C for 3 h. Co-combustion residuals of bamboo
and kaolin contain SiO2 (52.10%), Al203 (33.86%), K20
(6.92%) and Na20 (0.11%) from X-ray fluorescence
analysis. Alumino-silicate materials were sieved with
100 mesh standard sieve, while river sand was sieved
with 16 mesh standard sieve before used in
geopolymer synthesis. Alkaline activators used were
10 N NaOH solution, 10 N KOH solution, a mixture of
10 N NaOH solution and water glass with a weight ratio
of 1:1, and a mixture of 10 N KOH solution and water
glass with a weight ratio of 1:1.

Synthesis of geopolymer mortars and pastes
Geopolymer mortars were synthesized from
alumino-silicate materials, alkaline activators and sand,;
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and used for the compressive strength test. Meanwhile,
geopolymer pastes were synthesized from alumino-
silicate materials and alkaline activators; and used for
SEM, XRD and FTIR analysis. The weight ratio of
alkaline activator to the alumino-silicate material was
1.3:1 and weight ratio of sand to the alumino-silicate
material was 2.75:1 [10]. Liquid materials were mixed
with solid materials and stirred for 6 min. The mixture
was poured into 5 cm x 5 cm x 5 cm cubic molds and
cured in molds for 24 h. After all, specimens were
removed from the molds, some specimens cured at
room temperature for 56 days and some specimens
were cured in an oven at 60 °C for 24 h and then at
room temperature for 56 days.

RESULT AND DISCUSSION
Compressive Strength

Compressive strengths of geopolymer mortars with
various types of alkaline activators at room temperature
and temperature of 60 °C curing are shown in Fig. 1.
Increasing curing temperature from room temperature to
60 °C can improve the compressive strength of
geopolymer mortars. Heat from curing at a temperature
of 60 °C will accelerate dissolution of aluminates and
silicates hence geopolymer with higher compressive
strength can be obtained for the same curing time [4].
Geopolymer with a mixture of KOH solution and water
glass (WG) as an activator and curing temperature of 60
°C has the highest compressive strength, i.e., 34.3 MPa,
meanwhile geopolymer with KOH solution as activator
and room temperature curing has the lowest
compressive strength, i.e., 2.3 MPa.

Geopolymers with NaOH solution or KOH solution
as activators at both room temperature curing and curing
temperature of 60 °C have lower compressive strength
than geopolymers with a mixture of NaOH or KOH
solution-water glass as activators. The use of water
glass in the geopolymer synthesis will add dissolved
silicates in geopolymer so that molar ratio of SiO2/Al203
will increase, i.e., from 2.6 to 3.6. In general, the
increase of SiO2/Al203 molar ratio can increase the
compressive strength of geopolymer, but SiO2/Al203
molar ratio > 24 can produce geopolymer having elastic
behavior [11]. The added dissolved silicates can
accelerate the geopolymerization process by inducing
polymerization of dissolved aluminates and silicates [12].
This causes the obtained geopolymer to have higher
compressive strength.

Geopolymer with NaOH solution as activator has
slightly higher compressive strength than geopolymer
with KOH solution as an activator. This can happen
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Fig 1. Compressive strengths of geopolymer mortars

(c) (d)
Fig 2. SEM images of geopolymer paste with NaOH
solution (a), KOH solution (b), a mixture of NaOH
solution-water glass (c) and mixture of KOH solution-
water glass (d) as activators

because Na* ion has a smaller size than K* ions so that
the dissolution of aluminates and silicates from the
alumino-silicate material is more to form geopolymer
[13]. The similar results were obtained by
Panagiotopoulou et al. [13] and Sindhunata et al. [14].
Different results are shown by geopolymers with a
mixture of alkali hydroxide solution and water glass as
activators. Geopolymer with a mixture of KOH solution-
water glass as activator have slightly higher
compressive strength than geopolymer with a mixture
of NaOH solution-water glass as an activator. The
larger size of K* ion than Na* ion will lead to denser
polycondensation in a water glass or alkali silicate
solution, and the resulting geopolymer will have higher
compressive strength [15]. Studies conducted by van
Jaarsveld and van Deventer [15], Cioffi et al. [16], and
Sabitha et al. [17] also showed the same results.
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Fig 3. X-ray diffractograms of geopolymer pastes with
NaOH solution (a), KOH solution (b), mixture of NaOH
solution-water glass (¢) and mixture of KOH solution-
water glass (d) as activators (A = analcime
(Na(AlSi206).H20); C = chabazite (K(AlSi20s).3H20);
K = kalsilite (KAISiO4); Q = quartz (SiOz))
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Fig 4. FTIR spectra of geopolymer paste with NaOH
solution (a), KOH solution (b), a mixture of NaOH
solution-water glass (c¢) and a mixture of KOH solution-
water glass (d) as activators
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Microstructure of Geopolymers

The microstructure of geopolymers with various
types of alkaline activators are shown in Fig. 2. The uses
of NaOH solution and KOH solution as alkaline
activators produce more porous geopolymers (Fig. 2(a)
and 2(b)). Meanwhile, geopolymers with a mixture of
NaOH solution-water glass as well as a mixture of KOH

solution-water glass as activators (Fig. 2(c) and 2(d))
have denser and more homogeneous structures. This
is due to the continuous phase formation in
geopolymers with alkali hydroxide activators tends to
the surface of the particles, whereas in geopolymers
containing dissolved silicate from water glass activators
tend to the bulk areas [5]. These results are similar to
those obtained by van Deventer et al. [18], Zhang et al.
[19] and Zhang et al. [20].

X-Ray Diffraction Patterns

X-ray diffractograms of geopolymers with NaOH
solution and mixture of NaOH solution-water glass as
activators in Fig. 3(a) and 3(c) shows the presence of
analcime (Na(AlSi206).H20) and quartz (SiOz).
Analcime is a mineral that has a silico-aluminate
framework and commonly encountered in geopolymers
[2], whereas quartz mineral is derived from geopolymer
raw materials.

Geopolymers with KOH solution and a mixture of
KOH solution-water glass as activators contain the
same minerals, i.e., chabazite (K(AISi20s).3H20),
kalsilite (KAISiO4) and quartz (SiO2) as shown in Fig.
3(b) and 3(d). Chabazite and kalsilite are minerals that
can be formed in geopolymers with potassium
hydroxide as an activator [2]. Kalsilite is also present in
geopolymer raw materials from the reaction between
alkali (in bamboo) and kaolinite (in kaolin) in the co-
combustion process [9].

Fourier Transform Infrared Spectra

FTIR spectra of geopolymers with various types
of alkaline activators as shown in Fig. 4 have relatively
similar  profiles. The presence of peaks at
950-1250 cm and 420-500 cm-* derived from Si-O-Si
and Si-O-Al groups indicates the formation of
geopolymers [2]. The peak shift closer to 1008 cm™*
(theoretically derived from the Si(Al)-O group
(asymmetrical vibration)) indicates more geopolymers
are formed [21]. Geopolymer with mixture KOH
solution-water glass as activator has peak close to
1008 cm! so that more geopolymers are formed. This
corresponds to the highest compressive strength of
geopolymer with a mixture of KOH solution-water glass
as activator compared to geopolymers with other
alkaline activators.

Adsorbed atmospheric water is also found in
about 1600 and 3400 cm™ [22]. The carbonate group
which is the result of the reaction between alkali
hydroxide and atmospheric CO2 was found at 1400-
1500 cm [23].
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CONCLUSION

Geopolymers as a Portland cement substitute from
co-combustion residuals of bamboo and kaolin with
various types of alkaline activators have been
synthesized and characterized. Geopolymer with a
mixture of KOH solution and water glass as an activator
and curing temperature of 60 °C has the highest
compressive strength, while geopolymer with KOH
solution as activator and room temperature curing has
the lowest compressive strength. The use of NaOH or
KOH solution as alkaline activator produces more
porous geopolymer, whereas geopolymer with a mixture
of NaOH or KOH solution-water glass as activator has
denser and more homogeneous structure seen from
SEM images. XRD patterns revealed the presence of
sodium aluminosilicate hydrate (analcime) in geopolymer
with NaOH solution and a mixture of NaOH solution-
water glass as activators, and potassium aluminosilicate
hydrate (chabazite) in geopolymer with KOH solution
and mixture of KOH solution-water glass as activators.
FTIR spectra of geopolymers with various types of
alkaline activators have relatively similar profiles
revealing asymmetrical vibration of Si(Al)-O at around
1008 cm-! related to geopolymer product.
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