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Abstract: This study aims to investigate the potential of using natural kaolin (NKL) as a substitute for 
rice husk ash (RHA) in fly ash-rice husk ash-based geopolymer mortar (FARH-GM) applications as eco-
friendly materials. The effect of NKL substitution was investigated by compressive strength, porosity, 
and depth penetration tests at 1%, 2%, and 3% of the composition in FARH-GM. The chemical 
compound analysis was identified using XRF and XRD techniques. The results showed that the 2% 
NKL substitution for RHA demonstrates the highest compressive strength and the lowest porosity 
value of FARH-GM, with a final setting time of 3.5 hours. However, increasing the NKL substitution 
ratio by more than 2% significantly decreases the strength performance and tends to prolong the setting 
time. The substitution of NKL also considerably affects the Si/Al and Si/Fe ratios, which increase along 
with the increase of NKL. The highest strength was achieved with Si/Al and Si/Fe ratios of 4.59 and 
1.71, respectively. Furthermore, higher NKL substitution tends to increase the crystalline peak, 
indicating the presence of albite, anorthite, and cristobalite crystalline phases. These results suggest 
that natural kaolin can be used as a substitute in geopolymer applications at a specific ratio. 

Keywords: Fly Ash, Geopolymer, Mortar, Natural Kaolin Substitution, Rice Husk Ash. 

 
1. Introduction  

The innovation of geopolymer as an environmentally friendly material to replace the role of 
Portland Cement (PC) has demonstrated quite significant development. As the primary material in 
concrete production, the PC production process is one of the largest producers of CO2 gas, which 
triggers global climate change [1-3]. This encourages the search for environmentally friendly 
alternative materials. One alternative to address this issue is using fly ash (FA) and rice husk ash (RHA) 
as environmentally friendly waste materials. 

FA, a waste material from the coal combustion process in power plants, can be used as a PC 
replacement alternative material [4-7]. The primary composition of fly ash is silicate (Si), aluminate 
(Al), and ferrite (Fe) with reasonably low calcium (Ca) content [5, 6]. Recent studies have shown that 
concrete can be produced using FA reacted with an alkaline activator [8-11]. This material is known as 
geopolymer [12]. PC-based concrete binders are formed from the reaction between Ca and Si, which 
forms a calcium-silicate-hydrate (C-S-H) gel. The mechanism of the geopolymer matrix is the reaction 
between Si and Al, which forms an inorganic binder through a polymer reaction, forming an N-A-S-H 
matrix [13, 14]. 

In recent studies, the use of FA as the primary material of geopolymers can be combined with RHA, 
a waste material from burning rice husks [15, 16]. This is due to the characteristics of the chemical 
composition of RHA, which are dominated by the Si component, which can fill the role of Si in the N-A-
S-H geopolymer matrix, especially in the -Si-O-Al-O- bond in the N-A-S-H geopolymer chain [17, 18]. 
In addition, RHA has pozzolanic properties that can improve geopolymer performance [19]. According 
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to Hossain, et al. [20] the incorporation of 10wt% of RHA improved geopolymer's short- and long-term 
properties. Hwang and Huynh [21] found that RHA content of 35% in geopolymer exhibited the 

highest compressive strength. However, treatment for the RHA is required to alter its compound. In 
addition, Ogwang, et al. [22] used 30% of RHA in developing a metakaolin-RHA-based geopolymer. 
The RHA was generated by firing the rice husks at 600°C to achieve an amorphous phase. Based on 
this, it can be determined that the maximum use of un-treatment RHA in geopolymer can only be 
achieved at 10%. RHA waste also supports the concept of a green economy and eco-friendly materials.  

However, the main issue with the combination of FA and RHA is the low Al content, which plays an 
important role in the -Si-O-Al-O- matrix. This impacts the geopolymer strength, which cannot achieve 
the required strength. Based on previous research, the geopolymer manufacturing process requires 
sufficient Si and Al composition for the N-A-S-H geopolymer matrix [14, 23]. The addition of RHA can 
indeed increase the strength of geopolymer materials through -Si-O-Al-O- bonds. However, the high 
content of unreacted Si due to the low Al content tends to reduce the strength performance of 
geopolymer materials [24]. Thus, it is necessary to find materials with Si and Al contents. One 
alternative is to use natural kaolin (NKL), a white clay material that is widely used in the ceramics and 
paper industries [25]. The primary chemical composition of NKL is Si and Al [26]. Most research 
reports use NKL as a substitution in FA or NKL in NKL-based geopolymer. While other recent studies 
are focused on altering NKL properties or using meta-kaolin (MKL) in geopolymer [26-31]. Research 
on using NKL as a substitute for FA and RHA-based geopolymers (FARH-GM) is still very limited. It 
aims to reduce energy consumption and the cost of altering NKL properties. This study researches the 
potential of using NKL as a substitution for RHA at the rate of 1%, 2%, and 3% of the composition in 
FARH-GM. The effect of NKL substitution was investigated by compressive strength and porosity 
tests. These results were supported by setting time tests, XRF, and XRD analyses to provide a deep 
understanding of the NKL substitution. This study is expected to optimize the use of environmentally 
friendly waste materials that have the potential to address global warming issues. 
 

2. Experimental Methods 
2.1. Materials 

The primary materials of geopolymer mortar were FA and RHA, while NKL was used as a 
substitution for RHA. FA was obtained from coal power plants, while RHA was produced from the 
remains of burning rice husks locally from paddylands. FA was categorized as class C FA with a total 
amount of SiO2+Al2O3+Fe2O3 of 69.6% and CaO content of 21.9%, conforming to ASTM C618 [32]. 
The specific gravity of FA, RHA, and NKL were 2.43, 1.25, and 2.12, respectively. All materials were 
supplied and commercially available in Indonesia. Table 1 gives the chemical compositions of all 
materials. The materials were identified by X-ray fluorescence (XRF) test using PANalytical type 
Minipal four equipment. 
 
Table 1.  
Chemical composition of materials (%) 

Compound SiO2 Al2O3 Fe2O3 CaO K2O MnO TiO2 
FA 30.4 11.8 27.4 21.9 2.14 0.22 1.43 

RHA 92.7 - 0.32 1.57 - 0.26 0.03 
NKL 57.6 37.1 2.79 0.32 1.58 0.04 0.66 

Note: FA = Fly ash, RHA = Rice husk ash, NKL = Natural kaolin. 
 

The X-ray diffraction pattern of all materials was performed using an XRD test using PANalytical 
type X’Pert PRO equipment, as shown in Figure 1. The XRD analysis of FA showed an amorphous 
phase (indicated by the broad hump at approximately 15O to 36O 2-theta) with crystalline peaks 
characterized as quartz and magnetite. The RHA diffraction pattern exhibited an amorphous of silica 
particles observed by the broadening of the peak at approximately 18O to 22O 2-theta. At the same time, 
the NKL diffraction pattern displayed a crystalline pattern dominated by kaolinite. 

https://www.sciencedirect.com/topics/engineering/compressive-strength
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Figure 1.  
XRD pattern of fly as, rice husk ash, and kaolin 

 
2.2. Mix Compositions 

The FARH-GM mix composition is displayed in Table 2. Initial research determined that FA and 
RHA were the primary materials forming geopolymer mortar with a composition of 90% FA and 10% 
RHA (Control). The use of NKL was determined at 1%, 2%, and 3% of the composition of RHA in 
geopolymer mix compositions to assess the influence of NKL as a partial substitute for RHA. It 
designated as 1% NKL, 2% NKL, and 3% NKL for 1%, 2%, and 3% natural kaolin substitution, 
respectively. The ratio of total FA, RHA, and NKL to fine aggregate was kept at 1:2.75, conforming to 
ASTM C109 [33]. 

A combination of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) 8 Molar was used as an 
alkali activator solution. The liquid sodium silicate had Na2O and Na2SiO3 contents of 9.2% and 30.5%, 
respectively. The 8-molar NaOH solution was prepared by dissolving 320 grams of NaOH pellets in 1 
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liter of distilled water. The sodium silicate to NaOH ratio was kept at 2.0. The fine aggregate was 
natural sand with a specific gravity of 2.61 and a fineness modulus 2.02. All materials were provided by 
a local supplier in Surabaya, Indonesia 
 
Table 2.  
Mix composition of geopolymer mortar (kg/m3) 

Mix design NKL substitution FA RHA NKL FAGR SS NaOH     8M Water 
Control 0% 500 - - 1373 172 85 76 

1% NKL 1% 450 45 5 1373 172 85 76 
2% NKL  2% 450 40 10 1373 172 85 76 

3% NKL 3% 450 35 15 1373 172 85 76 
Note: FAGR = Fine aggregate, SS = Sodium silicate, NaOH 8M = Sodium hydroxide 8 Molar  
 
2.3. Specimen Preparation and Testing 

The FARH-GM mortar specimens were prepared using 50-mm cube steel molds following ASTM 
C109 [33]. The specimens were kept at room temperature after casting for 24 hours. The specimens 
were removed from the mold and subjected to heat curing at 100OC for 24 hours. This is due to the 
forming process of the geopolymer matrix, which requires a high temperature to accelerate the 
polymerization process [34-36]. The geopolymer mortar specimens were stored at room temperature 
before testing. 

The strength performance of geopolymer mortar specimens was carried out by compressive 
strength test conforming ASTM C109 [33] and porosity test following ASTM C642 [37]. The 
porosity test was performed to investigate the pore voids of geopolymer mortar as supporting data for 
the compressive strength test results. All specimens were tested at 7 and 28 days. Three mortar 
specimens were tested for each data point. The setting time of geopolymer specimens was investigated 
by depth penetration test (Vicat) conforming ASTM C191 to identify the effect of kaolin substitution on 
the initial and final setting time of geopolymer specimens [38]. The XRF analysis was carried out using 
PANalytical type Minipal four equipment to identify the alteration of chemical compounds. XRD 
analysis was conducted to identify and characterize the crystalline phase in fly ash-rice husk ash 
geopolymer specimens due to the kaolin substitution. The test was performed using PANalytical type 
X’Pert PRO equipment. 
 

3. Results and Discussions 
3.1. Compressive Strength and Porosity 

The results of NKL substitution on compressive strength and porosity development of FARH-GM 
are given in Figure 2-3.  In Figure 2, it is clearly seen that NKL substitution on RHA significantly 
affected the strength development of FARH-GM at 7 and 28 days. All geopolymer specimens also 
exhibited a significant increase in strength from 7 to 28 days. A significant increase was observed from 
0% NKL (21.7 + 1.1 MPa) to 1% NKL (32.2 + 1.9 MPa) substitution. The highest compressive was 
achieved by 2% NKL (34.7 + 1.7 MPa) substitution at 28 days. It might be attributed to the addition of 
Al content from NKL, which reacts with Si to form a -Si-O-Al-O- geopolymer matrix and increases the 
compressive strength [39, 40]. This result was corroborated by the porosity test results, as shown in 
Figure 3. The substitution of NKL for RHA increased the density of FARH-GM. This can be seen in 
the decrease in pores value at the substitution of 1% NKL. The 1%-2% NKL substitution demonstrated 
denser pores compared to other specimens. 
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Figure 2.  
The effect of NKL substitution on compressive strength development 

 

 
Figure 3.  
The effect of NKL substitution on porosity 

 
In this study, it should be noted that there was merely a slight performance improvement in 1%-2% 

NKL substitution. In terms of strength development, it was observed that there was no significant 
increase from 1% to 2% NKL substitution. The standard deviation indicated that it might exhibit a 
similar strength performance between 1% and 2% NKL substitution. The porosity value was also 
performed similar trends. This might indicate that the Si and Al contents have achieved their balanced 
or a specific silicate-to-aluminate ratio to form the -Si-O-Al-O- matrix bonds. However, the use of NKL 
of more than 2% tends to reduce the performance of FARH-GM specimens. It can be seen in a 
significant decrease in strength performance in 3% NKL. This is supported by the porosity value, which 
increases with the addition of the NKL ratio. Although the NKL addition increases the Al content in the 
geopolymer matrix, it further reduces the amorphous component. The XRD results on RHA and NKL 
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materials show that RHA has more amorphous contents than NKL. Thus, the further substitution of 
RHA by NKL tends to reduce the amorphous components and significantly affect the performance of the 
geopolymer specimens. 
 
3.2. Setting Time Analysis 

Figure 4 shows the results of the depth penetration test. It gives information regarding the initial 
and final setting time of FARH-GM specimens due to the NKL substitution. The substitution of NKL 
significantly affected the setting time of the geopolymer specimen. Substituting 1% NKL exhibited a 
faster initial and final setting time. However, increasing the NKL in geopolymer tends to prolong the 
setting time. The initial setting time of 1% NKL occurred at 0.5 hours, while 2% NKL and 3% NKL 
substitution showed a slower setting time rate, which occurred after 1 hour. 
 

 
Figure 4.  
The effect of NKL substitution on setting time. 

 
This study found that higher NKL substitution significantly decreased the final setting time of 

FARH-GM. It took a longer time to achieve reaction stability and structural integrity. The final setting 
time of 1% NKL was completed in 2.5 hours. While, 2% NKL and 3% NKL only reached the final setting 
time in 3.5 and 4.5 hours, respectively. This could be attributed to the amorphous compounds and CaO 
contents in geopolymer. The higher NKL ratio substitution in geopolymer decreased the amorphous 
and CaO compounds, which prolonged the geopolymer reaction rate. According to Deb, et al. [41]. The 
use of high Ca-content material significantly affects the setting and strength of the development 

of geopolymers. 
 
3.3. Chemical Composition Analysis 

The chemical composition of FARH-GM with NKL substitution was analyzed using XRF and XRD 
techniques. The XRF analysis presents the chemical compound of FARH-GM with 1%, 2%, and 3% 
NKL substitution in Table 3. It consisted of the primary material for the geopolymer, i.e., SiO2, Al2O3, 
Fe2O3, and other compounds such as CaO, K2O, MnO, and TiO2. As predicted, this corresponds to the 
geopolymer primary matrix components comprising N-A-S-H [9, 14]. The XRF analysis showed that 
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the SiO2 compound increased along with the NKL substitution. While the Al2O3 and Fe2O3 tend to 
decrease. The increase in the SiO2 compound was due to the high Si content in RHA and NKL materials. 
The decrease of Al2O3 and Fe2O3 might attributed to the geopolymeric reaction between Si, Al, and Fe, 
forming a geopolymer matrix of polysialates and ferrosialates [42-44]. 
 
Table 3.  
Chemical composition of fly ash-rice husk ash-based geopolymer with kaolin substitution (%) 

Mix design SiO2 Al2O3 Fe2O3 CaO K2O MnO TiO2 
Control 35.7 9.9 28.1 19.9 1.87 0.34 1.69 

1% NKL 40.7 9.6 25.6 17.8 2.01 0.33 1.46 
2% NKL  41.8 9.1 24.5 17.2 2.03 0.31 1.39 

3% NKL 46.6 8.5 23.1 16.1 2.04 0.31 1.35 

 
Figure 5 exhibits the SiO2/Al2O3 and SiO2/Fe2O3 ratio change due to NKL inclusion. It found 

that the SiO2/Al2O3 ratio increased along with the NKL addition. It correlated with the incorporation of 
Al into the structure of the geopolymer matrix. The high performance of FARH-GM was achieved at a 
SiO2/Al2O3 ratio of 4.59 (2% NKL). However, increasing the NKL ratio by more than 2% tends to 
decrease the strength performance. It might be attributed to the worse chemical stability at a higher 
SiO2/Al2O3 ratio [39]. In addition, Wang, et al. [40] stated that the mechanical properties of 
geopolymer tend to decrease at a high SiO2/Al2O3 ratio due to the instability of the molecular structure 
of the geopolymer matrix. Similar to the SiO2/Al2O3 ratio, the ratio of SiO2/Fe2O3 also increased at 
higher NKL substitution. It exhibited the inclusion of Fe2+ ions in the geopolymer matrix [44]. 
 

 
Figure 5.  
The effect of NKL substitution on SiO2/Al2O3 ratio and CaO content 

 
Figure 6 shows the XRD pattern of FARH-GM with NKL substitution. All specimens indicated the 

presence of crystalline phases of albite (NaAlSi3O8), anorthite (CaAl2Si2O8), and cristobalite (SiO2). 
Albite and anorthite peaks were associated with the raw FA, RHA, and NKL, which have high Si and Al 
contents. However, the kaolinite peaks were not found in all specimens. It could be attributed to the 
geopolymer reaction. According to Matalkah, et al. [28] and Ramli, et al. [30] these kaolinite peaks 
decreased during a high sintering temperature process. Further, there was also a slight appearance of 
cristobalite, which might be attributed to the unreacted quartz (SiO2) from the raw materials. 
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Figure 6. XRD pattern of FARH-GM with NKL substitution (A: Albite, N: Anorthite, C: Cristobalite) 

 
In this study, it was found that the increase of crystalline peak occurred along with the increase of 

NKL substitution. According to Patrisia, et al. [44] this indicated that the amorphous components from 
raw materials were converted into crystalline components during the geopolymerization reaction in 
geopolymer. This confirmed the change in the crystalline phase that occurs in 1% to 3% NKL 
substitution, where the crystalline phase increases along with the increase in kaolin substitution. 
 

4. Conclusions 
This study investigated the potential of using NKL as a substitution for RHA in a specific ratio in 

FARH-GM. Based on the results and discussions, the following conclusions are drawn. 
1. The 2% NKL substitution to RHA demonstrates the highest performance of FARH-GM. It 

achieved the highest compressive strength of 34.7 + 1.7 MPa and the lowest porosity value. 
However, increasing the NKL substitution ratio by more than 2% significantly decreases the 
strength performance. 

2. The substitution of NKL significantly affected the setting time of the FARH-GM. Substituting 
1% NKL exhibited a faster initial and final setting time. However, increasing the NKL by more 
than 1% in geopolymer prolongs the setting time. 

3. The substitution of NKL significantly affects the Si/Al and Si/Fe ratios. It increases along with 
the increase of NKL. It achieves the highest strength at 2% NKL substitution with Si/Al and 
Si/Fe ratios of 4.59 and 1.71, respectively. Substituting NKL more than 2% tends to decrease 
the strength of FARH-GM. 

4. Increasing NKL substitution affects the crystalline phase of FARH-GM. Higher NKL 
substitution tends to increase the crystalline peak, indicating the presence of albite, anorthite, 
and cristobalite crystalline phases. 
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5. NKL can be used as a substitution for RHA in FARH-GM at a specific ratio. It also supports the 
use of more environmentally friendly waste materials that have the potential to address global 
warming issues. 
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