
IOP Conference Series: Materials
Science and Engineering

     

PAPER • OPEN ACCESS

The Low Concentration of Sodium Hydroxide
Influence on The Compressive Strength of Fly
Ash/Natural Kaolin-Based Geopolymer
To cite this article: M Saukani et al 2019 IOP Conf. Ser.: Mater. Sci. Eng. 515 012063

 

View the article online for updates and enhancements.

You may also like
Highly reactive metakaolin: a multi-
parameter optimization by response
surface methodology
Hashimu Hamisi, Yusufu Abeid Chande
Jande and Askwar Hilonga

-

The Effect of Sodium Hydroxide (NaOH)
Solution Concentration on Properties of
Geopolymer Paste
Farah Farhana Zainal, Nurqistina
Sulotoha, Yusrina Mat Daud et al.

-

Characterization and beneficiation of
Ethiopian kaolin for use in fabrication of
ceramic membrane
Tsegahun Mekonnen Zewdie, Indah
Prihatiningtyas, Abhishek Dutta et al.

-

This content was downloaded from IP address 3.139.90.131 on 04/05/2024 at 16:27

https://doi.org/10.1088/1757-899X/515/1/012063
https://iopscience.iop.org/article/10.1088/2631-8695/ad0c0d
https://iopscience.iop.org/article/10.1088/2631-8695/ad0c0d
https://iopscience.iop.org/article/10.1088/2631-8695/ad0c0d
https://iopscience.iop.org/article/10.1088/1757-899X/957/1/012058
https://iopscience.iop.org/article/10.1088/1757-899X/957/1/012058
https://iopscience.iop.org/article/10.1088/1757-899X/957/1/012058
https://iopscience.iop.org/article/10.1088/2053-1591/ac2f75
https://iopscience.iop.org/article/10.1088/2053-1591/ac2f75
https://iopscience.iop.org/article/10.1088/2053-1591/ac2f75
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstCaQYeNtTdYJ49MgQASUsjx-KYaFOgiraK7eS2adxnxa6L8YfjOyzJ_MW04dK-fmeRGygZqEQeZ03MY06-iTZaB3YHvqWXSkLYKlIrwngiIp4VzTIt7tmHNWGB1BxS77PYEkQpu5RyBogpQOP2P7JemM-5Gu-qSfOdajt0HWcMKjt0hRJp0ZC2zMJ_hrkslUEuA0SbMPGJpbSArTwENHsN0OgMgr8wjqXPshaU-jpzzUax8m0PgyLxD6WCcJzdaT4CechPqWnptWOmw-aYpv6qUVSHffGH4SMOCtA6f5DcOrs9T1UyGqMvQwDjFfOQtcQEJu5XppxMLFVoKqLukbAZvZB_Lg&sig=Cg0ArKJSzJltCLh1w3za&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

IC2MAM 2018

IOP Conf. Series: Materials Science and Engineering 515 (2019) 012063

IOP Publishing

doi:10.1088/1757-899X/515/1/012063

1

 

 

 

 

 

 

The Low Concentration of Sodium Hydroxide Influence on 

The Compressive Strength of Fly Ash/Natural Kaolin-Based 

Geopolymer 

M Saukani1, S Arief1, G R F Syahrillah1, N Hidayat2,* 

1 Department of Mechanical Engineering, Faculty of Engineering, Universitas Islam 

Kalimantan MAB, Jl. Adhyaksa 2, Banjarmasin 70124, Indonesia 
2 Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas 

Negeri Malang, Jl. Semarang 5, Malang 65145, Indonesia 

*Corresponding author’s email: nurul.hidayat.fmipa@um.ac.id 

Abstract. Fly ash/natural kaolin-based geopolymer with a low concentration of NaOH has been 

studied. The fly ash was taken from coal combustion waste of Asam-asam power plant, 

meanwhile the kaolin clay was taken from Tatakan, South Kalimantan, Indonesia. The kaolin 

powder was calcined at 750 °C for 3 hours to form pozzolanic metakaolin (Al2O3.2SiO2). The 

silicon content from the X-ray fluorescence (XRF) test of the fly ash and the natural kaolin was 

respectively 44.58% and 72.98%. The aluminium weight percentage contained in the natural 

kaolin was roughly three times higher than that in the fly ash. Both starting materials together 

with the alkali solution (NaOH/Na2SiO3) were wisely mixed to produce geopolymers with Si/Al 

ratio of 4. The molarities of NaOH were controlled from 2M to 5M. The mixture was then heated 

at a curing temperature of 60 °C for 12 hours and dried at setting time of 14 to 28 days. The 

finest compressive strength, i.e. 91.6 MPa, was shown by the sample with 5M NaOH and 28 

days setting time. This sample had a density of 2.04 g/ml and porosity of 5.88%. To the best of 

our knowledge, there is a prospective feature of using fly ash/natural kaolin-based geopolymer 

prepared by the low NaOH molarity in infrastructural industries.  

Keywords: Geopolymer, natural kaolin, fly ash, compressive strength 

1.  Introduction  

The widespread use of portland cement as one of the most demanding materials for binders in concrete 

structures requires a huge amount of energy consumption and brings adverse effects on the environment. 

Portland cements production starts with raw materials extraction, clinker manufacturing, cement 

grinding, and packing. The normal temperature for the cement calcination Portland is around 1400 °C 

and the energy consumption to produce cement reaches 8 GJ/ton [1]. In addition, CO2 emission into the 

air can be 0.9 tons for every ton of cement production, i.e. 0.53 tons CO2 emission from the 

decomposition of raw materials and the other 0.37 tons from the fuel. It implies that the cement 

production and concrete industrial sectors conduce to serious environmental pollution [2]. Therefore, an 

environmentally friendly material is important to fabricate to overcome those problems, and the 

geopolymers have shown their ability to minimum defilement. 
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The concept of geopolymer was firstly introduced by Joseph Davidovits in the 1980s. It is a new 

form of inorganic polymer for alumino-silicate established in the alkali environment. The 

geopolymerization process occurs due to the chemical reaction between alumino-silicate oxides and 

alkali metal solutions under highly alkaline conditions. This process produces a three-dimensional 

polymer structure from amorphous to semi-crystalline [3]. The alumino-silicate sources are found in 

kaolin and industrial waste materials such as slag and fly ash [1]. The use of geopolymers in concrete 

structures is believed to reduce energy consumption and is safe for the environment. On the other hand, 

fly ash is a waste from the coal combustion of power plants. It can be directly used as a solid material 

of geopolymers without further recalcination process, unlike kaolin that must be calcined at 750 °C to 

transform into metakaolin [4,5].  By means of geopolymers, the CO2 emission can be reduced by 80% 

than that of the use of portland cement; besides, they are excellent in terms of mechanical properties, 

heat resistance, and good acid resistance [6–8].  

Enhancing the mechanical performances, like compressive strength, the fly ash-based geopolymers 

have been carried out by many experts. Addition of slag, red mud, rice husk, and kaolin to the fly-ash 

will increase its mechanical properties [4–6]. Furthermore, different alkaline solutions, e.g. sodium 

hydroxide (NaOH) and potassium hydroxide (KOH), bring different effects of the compressive strength 

of geopolymer. NaOH alkaline solution can produce higher compressive strength of geopolymers than 

that of KOH, from 65.28 MPa to 28.73 MPa [9]. Sodium hydroxide in an alkaline solution may activate 

Si and Al oxides in the geopolymerization process to form geopolymer-forming monomers [7]. 

Therefore, many studies use sodium hydroxide concentrations with a molarity of 8 M [7,10], 9 M [4], 

10 M [7], and 14 M [6]. The best geopolymer can be produced from aluminosilicate if the ratios of SiO2 

and Al2O3 are from 3.3 to 4.5 [7].  

These results also provide preliminary information that a modification of the ratio of SiO2 and Al2O3 

is important to do to elevate the mechanical properties. An alternative modification offered in this study 

is by substituting 20% fly ash into natural kaolin. In this present paper, we report the results of the 

characterization of basic materials, and the effect of the use of lower concentrations of NaOH than 

previous studies, on the compressive strength. Additionally, this study aimed to study the potential 

utilization of the low fly ash content as a geopolymer material. 

2.  Methods 

Fly ash and naturally occurring kaolin clay were activated using alkaline solution. The fly ash was taken 

from the waste of Asam-asam coal combustion power plant and was categorized as class F based on 

ASTM C168. The kaolin clay was taken from Tatakan sub-district, South Kalimantan. The kaolin clay 

was calcined into metakaolin after calcining temperature determination by differential scanning 

calorimetry and thermogravimetric analysis (DSC-TGA). The alkali activation was prepared by mixing 

sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) solutions. The sodium hydroxide molarities 

were controlled at 2M, 4M, and 5M since the molarities below 10 M provide good workability of the 

paste mixing during molds casting [11].  

The resultant homogeneous mixtures were then fed into the mold and vibrated for 5 minutes to reduce 

the trapped air particles and dried for 1.5 h for geopolymerization. The curing process was done at 60 

°C for 24 hours. Afterward, the series of samples were kept for 14, 21, and 28 days prior to further 

characterizations. The characterizations were conducted by X-ray fluorescence (XRF), X-ray diffraction 

(XRD) using Cu-Kα wavelength and universal test machine (UTM) with ASTM C39 standard 

respectively for compositional analysis, crystalline phase investigation, and compressive strength 

measurement. Additionally, the porosity of the as prepared samples was determined using Archimedes 

method. 
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3.  Results and Discussion  

3.1.  Kaolin Clay and Fly Ash XRD Patterns 

The XRD profiles of the as-prepared samples are shown in Figure 1. Crystalline phase identification 

was conducted by means of the search-match method. The kaolin clay contains quartz-SiO2 (JCPDS 

number 085-0504) and kaolinite-Al2SiO5(OH)4 (JCPDS number 029-1448). The fly ash contains 

crystalline phase in the form of magnetite-Fe3O4 (JCPDS number 074-0748), quartz-SiO2 (JCPDS 

number 085-0504), and dmitryivanovite-CaAl2O4 (JCPDS number 023-1036). The quartz-SiO2, 

kaolinite-Al2SiO5(OH)4, magnetite-Fe3O4, and dmitryivanovite-CaAl2O4 crystallize in hexagonal, 

triclinic structures, cubic spinel, and orthorhombic structures.  

The XRD analysis was supported by XRF characterization, which resulted in the elemental unveiling 

within the samples. The XRF test revealed that Si (72.98%), Al (21.08%), Fe (2.33%), and K (1.08%) 

were found in the kaolin and the fly ash contained Si (15.49%), Al (15.49%), Fe (25.46%), and Ca 

(6.88%). 

 

 
Figure 1. XRD Patterns of the kaolin clay and the fly ash. Note: #, *, o, and + Signs Respectively 

Represent Kaolinite, Quartz, Magnetite, and Dmitryivanovite Crystalline Phases. 

 

3.2.  Thermal Stability of Tatakan Kaolin Clay 

The dehydroxylation temperature can be determined by the DSC-TGA curves, as depicted in Figure 2. 

It shows some thermal movements that occur in the kaolin sample to from room temperature to 1200 

°C. The thermodynamical phenomena include pre-dehydroxylation, dehydroxylation, endothermic, and 

exothermic. The pre-dehydroxylation was found at a temperature of 50 - 20 °C due to the little amount 

of water propagation. The dehydroxylations were detected from 430 °C to 650 °C indicated by the mass 

change up to 9.3%. This is the manifestation of the phase change from SiO2.2Al2O3.H2O to SiO2.2Al2O3. 

The exothermic event occurred in the temperature range of 925 °C to 1100 °C, where in this process the 

crystalline phase such as spinel and mullite were formed. Again, the phase change was found at 650 °C 

due to the transition of kaolin to metakaolin. The kaolin can be completely transformed into metakaolin 
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at 750 °C and undergoes a dehydroxylation process. Therefore, 750 °C was then chosen as the 

calcination temperature of kaolin. Furthermore, the activity strength index depends on the 

dehydroxylation level and amorphous phase, which is at least 55%, to transform kaolin to pozzolanic 

metakaolin (Al2O3.2SiO2) [14]. 

 

 

Figure 2. DSC-TGA Curves of kaolin clay from Tatakan, South Kalimantan, Indonesia. 

3.3.  Compressive Strength of Geopolymer Specimen  

The compressive strength of the produced geopolymers with varying NaOH molarities are given in 

Figure 3a. The porosities as the function of setting time are drawn in Figure 3b. Clearly, the compressive 

strength increased as the alkali solution molarity increased. The setting time also plays an important role 

in raising the compressive strength. Through in-depth comparison with the porosity values, the 

mechanical behavior of the geopolymers obeys the rule of physics, i.e. compressive strength also 

depends on the porosity. When the porosity decreases, the compressive strength increases, and vice 

versa. Another study revealed that pure fly ash-based geopolymer with 14 M NaOH and 14-day setting 

time exhibited 30 MPa of compressive strength [6] that was lower than that in this study. Our 

geopolymer with the lower concentrations of NaOH, particularly with 5M NaOH, produced a higher 

compressive strength, i.e. 50 MPa, and when the setting time was doubled, the compressive strength 

was almost doubled, i.e. 92 MPa. 
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(a) 

 
(b) 

Figure 3. (a) Compressive strength and (b) porosity content of geopolymer with different 

concentration of NaOH and setting time. 

 

NaOH is a source of hydroxide-based ions that can activate Al and Si atoms to form monomer and 

forces aluminosilicate to their Si4+ and Al3+ ions [12]. This alkali solution can enhance the mechanical 

strength of the geopolymer. This is due to the modeling of geopolymer-alkali solution formation (Figure 

4.) [7], wherein with the lack of alkali solution within the geopolymer (Figure 4a) or excessive alkali 

solution (Figure 4c) will lead to relatively higher porosity than in the proportional alkali solution and 

geopolymer ratio (Figure 4b). That proportional ratio will maximize the mechanical characteristics of 

the geopolymer.  

 

 
(a) (b) (c) 

Figure 4. The Role of NaOH addition to aluminosilicate solubility (modified from [7]). 

 

Sodium silicate, as an alkali solution, has oligomer-shaped silicate ions to polymerize with silica and 

alumina ions in a mixture of fly ash and metakaolin. Meanwhile, the sodium hydroxide solution, a 

provider of OH-ions, enables the formation of monomers in an optimum manner. The geopolymerization 

reaction can continue even though the setting time has reached 28 days. The addition of sodium 

hydroxide increased the compressive strength. Thus, sodium hydroxide provided beneficial use for 

decomposing aluminosilicate in the fly ash and to release Si4+ and Al3+ ions [12].  

Furthermore, the samples with 5 M sodium hydroxide performed a higher compressive strength than 

those of the other samples, even with a setting time of only 14 days. It is believed that the degree of 

homogeneity of the fly ash/metakaolin had reached the acceptable values for building the structure 

purposes. According to another reference, the strength of geopolymer depends on the amount of sodium 

hydroxide [7]. In addition, the high concentration of sodium hydroxide can accelerate the process of 

geopolymerization [11]. The pure fly ash, in general, contains unactivated silica. Addition of metakaolin 

to fly ash will, therefore, give a significant contribution to both mechanical strength and 

geopolymerization process [4]. In addition to the concentration factor of the alkali solution as a medium 

for forming the geopolymer monomer which affects the compressive strength of the resulted geopolymer 

material, the porosity contained in the sample also has a great effect. The porosity is produced by the 

trapped air bubbles in the sample which can be eliminated by a heating process [16-17]. 
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4.  Conclusion 

Geopolymer from fly ash and natural kaolin clay from Tatakan, South Kalimantan, Indonesia has been 

successfully produced by the use of low concentration of alkali solution. The sodium hydroxide, as the 

alkali solution, plays a crucial role in enhancing the compressive strength and reducing the porosity. The 

largest compressive strength value was driven by 5 M sodium hydroxide, i.e. 91.6 MPa with the setting 

time of 28 days. In conclusion, the fly ash with the low content of NaOH can be used as geopolymer 

material with the addition of metakaolin.  

References 

[1]  Schneider M, Romer M, Tschudin M and Bolio H 2011 Sustainable cement production—present 

and future Cem. Concr. Res. 41 642–50 

[2]  Damtoft J S, Lukasik J, Herfort D, Sorrentino D and Gartner E M 2008 Sustainable development 

and climate change initiatives Cem. Concr. Res. 38 115–27 

[3]  Davidovits  joseph 1991 Geopolymers J. Therm. Anal. 37 1633–56 

[4]  Görhan G, Aslaner R and Şinik O 2016 The effect of curing on the properties of metakaolin and 

fly ash-based geopolymer paste Compos. Part B Eng. 97 329–35 

[5]  Shafiq N, Nuruddin M F, Khan S U and Ayub T 2015 Calcined kaolin as cement replacing 

material and its use in high strength concrete Constr. Build. Mater. 81 313–23 

[6]  Okoye F N, Durgaprasad J and Singh N B 2015 Mechanical properties of alkali activated 

flyash/Kaolin based geopolymer concrete Constr. Build. Mater. 98 685–91 

[7]  Fansuri H, Prasetyoko D, Zhang Z and Zhang D The effect of sodium silicate and sodium 

hydroxide on the strength of aggregates made from coal fly ash using the geopolymerisation 

method Asia-Pac. J. Chem. Eng. 7 73–9 

[8]  Nguyen K T, Lee Y H, Lee J and Ahn N 2013 Acid Resistance and Curing Properties for Green 

Fly Ash-geopolymer Concrete J. Asian Archit. Build. Eng. 12 317–22 

[9]  Abdul Rahim R H, Rahmiati T, Azizli K A, Man Z, Nuruddin M F and Ismail L 2015 Comparison 

of Using NaOH and KOH Activated Fly Ash-Based Geopolymer on the Mechanical Properties 

Mater. Sci. Forum 

[10]  Astutiningsih S 2012 Application of Geopolymer Cement for Decorative Building Materials J 

Civ. Eng. Archit. 6 

[11]  Timakul P, Rattanaprasit W and Aungkavattana P 2016 Enhancement of compressive strength 

and thermal shock resistance of fly ash-based geopolymer composites Constr. Build. Mater. 

121 653–8 

[12]  Zhuang X Y, Chen L, Komarneni S, Zhou C H, Tong D S, Yang H M, Yu W H and Wang H 

2016 Fly ash-based geopolymer: clean production, properties and applications J. Clean. Prod. 

125 253–67 

Acknowledgments 

The authors, especially M.S., would like to thanks to Ministry of Research, Technology and Higher 

Education, Indonesia, who has provided research funding on Dosen Pemula scheme 2018 with contract 

number 113/UNISKA-LP2M/IV/2018. 

 


