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Abstract. Concrete is one of the most widely used materials in the world, 
and its utilization is rising drastically with the increasing population. Around 
5-8% of global carbon emissions are caused by cement production. On the 
other hand, approximately 160 million tons of rice husk, considered agro-
waste, turn into ash annually. Rice husk ash (RHA) is particularly attractive 
due to its high silica content and great potential to be used as a cementitious 
material. However, impurities such as alkali metal oxides and uncontrolled 
combustion reduce the quality of silica and promote its crystallization. 
Numerous studies have focused on obtaining active silica through acid 
leaching to remove impurities, but the study on the reaction kinetics of 
functionalized rice husk ash is very limited. In this research, 0.1M 
hydrochloric acid (HCl) was used to leach rice husk at temperatures of 50°C, 
60°C, and 70°C for 1.5 hours. The rice husk was then burned at 800°C for 2 
hours. Subsequently, the ash was examined using various analytical and 
computational techniques to develop an in-depth understanding of the 
burning process, aimed at producing functionalized amorphous silica for 
sustainable construction. It was observed that 99.39% silica with 95.04% 
amorphous content was formed by treating rice husk with 0.1M HCl at 70°C 
for 1.5 hours, followed by combustion at 800°C for 2 hours. Furthermore, 
reaction kinetics parameters were identified using the Coats-Redfern kinetic 
model for the two different reaction zones of the burning process. 

1 Introduction 
Nowadays, several agricultural wastes are in under consideration to be used as cement 
replacement materials because of their good pozzolanic behavior caused by the amorphous 
silica content present in it. Among these agricultural wastes, [1] mentioned that the utilization 
of rice husk ash can enhance the engineering characteristics of mortar, mitigate the adverse 
ecological impacts, and reduce cost. As stated by [2], the rice husk ash produces more C-S-
H gel by reacting with hydration products in cement paste, hence increasing the binding 
properties. Generally, rice husk is consist of 15%-20% silica, 25%-30% lignin, and around 
50% of cellulose. Furthermore, after burning, amorphous silica is yielded however, it can be 
transform into crystalline form due to uncontrolled burning conditions [3]. Subsequently, the 
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silica present in rice husk ash, after losing amorphous state, has low reactivity as a pozzolanic 
material. Therefore it is essential to burn rice husk in such conditions so that silica do not 
change their state from amorphous to crystalline form. [4], reported that the silica present in 
rice husk ash changes from amorphous to crystalline state due to the presence of alkali metals 
like potassium because they melt on outer surface of rice husk hence promotes the silica 
crystallization. In the burning process, the metallic impurities starts the eutectic reaction by 
reacting silica. As a result of this reaction, the crystallization temperature of silica decreases 
to 7000C [5]. [6] Highlighted that at higher temperatures, due to impurities, mainly, 
potassium, the surface of rice husk starts melting and the carbon from organic part of husk 
dissolves in it. Subsequently, after the solidification, the crystalline silica is formed. 
Furthermore, the eutectic process during combustion of rice husk hinders the oxidation 
process due to this number of unburnt carbon increases in rice husk ash [7]. However, to 
prevent the crystallization of silica, leaching treatment of rice husk before the combustion 
process plays an important role in the production of rice husk ash containing highly 
amorphous silica. 

Generally, the chemical properties of rice husk depends on geological features while, 
physical characteristics varies with different burning conditions and chemical treatment. 
Furthermore, the color of rice husk ash varies between black, grey, and white however, white 
ash is considered as more active silica. [8] reported that rice husk ash is lightweight, porous 
and fine material while, its density is around 180-200 Kg/m3. Moreover, these physical 
features of rice husk ash can be enhance by enhancing the chemical treatment and combustion 
process of rice husk. Incorporating rice husk ash in concrete as cement alternative material 
not only lessens the porosity but provide immune to chemical reaction. [9] Discussed that, 
addition of rice husk ash in cement matrix initiates the internal curing consequently, more 
calcium silicate hydrates (C-S-H) compound produces, which increases the strength. 

Rice husk ash, due to its high pozzolanic reactivity, can efficiently replace the cement. 
This would not only reduces the problem of waste disposal of agricultural waste but also 
promotes the sustainability in construction industry. Furthermore, due to high potential of 
rice husk ash of being use as a good pozzolanic material, researchers have studied different 
aspects of improving its productivity by performing acid leaching treatment to remove alkali 
metals, controlled heating conditions, and grinding conditions. However, the research on the 
crystallization process of silica during combustion is very limited, this is also second by other 
researcher as [10] mentioned that the fundamentals of chemical kinetics of rice husk ash 
should be studied to synthesize highly amorphous silica. The objective of this research is to 
study the chemical kinetics of functionalized amorphous rice husk ash produced via 
combustion process. This research will not only improve the process of producing pure 
amorphous rice husk ash but this will also contribute to fulfill the Sustainable Development 
Goals (SDGs). 

2 Methods 
For the experimental part, rice husk was brought from rice producing company located in 
Perak, Malaysia. The rice husk sample was rinsed thoroughly to remove dirt and dried in an 
oven at 100°C for 24 hours. After drying, the rice husk was chemically treated with 0.1M 
HCl solution under different leaching temperature for 1.5 hours as mentioned in Table 1. 
Moreover, before acid leaching treatment, the morphology and chemical composition of the 
rice husk was analyzed by energy dispersive x-ray (EDX) and scanning electron microscopy 
(SEM). 

After the chemical treatment of rice husk, all samples were again washed and dried before 
combustion process. The rice husk was burnt at temperature of 8000C for 2 hours as 
mentioned in Figure 1. After producing rice husk ash, the sample was studied using different 

characterization techniques, including x-ray fluorescence (XRF), x-ray diffraction (XRD), 
scanning electron microscopy (SEM), and thermogravimetric analysis (TGA) to determine 
oxide compositions, degree of crystallinity, surface morphology, and thermal behavior, 
respectively. The schematic diagram of the experimental process is depicted in Figure 1. 

Table 1. Chemical treatment parameters. 

Sample Leaching Conditions 
Acid Concentration Leaching Temperature Leaching time 

A8  
0.1M HCl 

50଴ܥ  
1.5 hrs B8 60଴ܥ 

C8 70଴ܥ 

Fig. 1. Schematic diagram for research methodology. 

3 Results and discussions 

3.1 X-ray Fluorescence 

The oxide compositions of the rice husk samples were recorded by using x-ray fluorescence 
spectrometer as mentioned in Table 2. Overall, it was found that there is no significant 
difference in the amount of silicon dioxide (ܱܵ݅2) by treating rice husk with different leaching 
temperatures. However, it is evident that metallic impurities can be reduced or even 
completely removed by increasing leaching temperature. Moreover, sample C8 has 
99.39%ܱܵ݅2, which is the maximum from the rest of the samples and a slightly better quantity 
as reported by [11]. Furthermore, C8 does not contain any metallic impurities like other 
samples.   

Table 2. Oxide compositions of rice husk ash samples. 

Component Mass % 
A8 B8 C8 

 ଶܱଷ 0.13 0.17 0.14݈ܣ
ܱܵ݅ଶ 99.08 98.76 99.39 
ଶܱܲହ 0.25 0.35 0.21 
ܱܵଷ 0.07 0.18 0.03 
 0.1 0.36 0.2 ܱܽܥ
 ଶܱଷ 0.11 0.08 0.11݁ܨ
 - ଶܱ 0.13 0.07ܭ
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3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 

The surface morphology of as received rice husk and rice husk ash were witnessed by 
scanning electron microscopy (SEM) while, the chemical composition of rice husk was 
observed by electron dispersive x-ray (EDX). It is evident from the Figure 2 that the surface 
of rice husk (RH) has several spiked mounds which are arranged in as a parallel line. 
Furthermore, in the Figure 2 the image of rice husk cross-section represented by X-RH, 
showed a porous structure of rice husk from inside evident by several openings and because 
of this rice husk has the low bulk density and lightweight in nature. In addition to this, it was 
examined in electron dispersive x-ray (EDX) that the most of the silica content were present 
on the top of the outer surface which is also called epidermis however, the inner part of rice 
husk have more impurities as shown in Table 3. Furthermore, Figure 3 shows the image of 
rice husk ash sample C8, it was observed that the rice husk ash become more porous and 
surface area of rice husk ash is increased due to the leaching treatment. These pores 
substantially boost the reactivity of ash [8]. 

Table 3. Elemental composition of RH and X-RH by EDX. 

Sample Elements 
C O Si K Mg Ca 

RH 52.34 40.45 7.08 0 0.07 0.05 

X-RH 52.77 42.74 4.37 0.09 0 0 

3.3 X-ray Diffraction (XRD) analysis 

The rice husk ash samples were examined by x-ray diffraction test as depicted in Figure 4. It 
was monitored that the crystallinity of rice husk ash reduces after leaching treatment and 
interestingly, leaching treatment with higher leaching temperature has the highest quantity of 
95.04% amorphous structure. This reduction in crystallinity is because of the reduction of 
metallic impurities, like potassium oxide, from the ash [12].  
 

 
Fig. 2. SEM images of RH (left) and X-RH (right), respectively. 

 
Fig. 3. SEM image of C8. 

 
Fig. 4. XRD graphs of rice husk ash samples. 

3.4 Thermogravimetric Analysis (TGA) 

Figure 5 shows the thermal behavior of the sample C8, observed by thermogravimetric 
analysis. Two major losses happened while increasing the temperature, showing two major 
reaction zones of RH burning. Initially, between the temperatures 25.530C – 218.840C about 
5.8% of the mass was reduced which is attributed to the loss of moisture content from the 
material. However, a significant mass reduction was observed between the temperatures of 
219.370C – 587.500C and this loss is due to the burning out of all organic compounds from 
rice husk. Furthermore, after a certain temperature, the reduction of masses becomes stable 
which shows that the ash has been formed. In addition to this, the modified form of the Coats 
and Redfern model was used to identify the reaction kinetics parameters as mentioned in 
Equation (1). [13]–[14]. 

ln[− ln(1 − [(ݔ = ݈݊ ୅ୖ୘
మ

ఉாೌ
− ாೌ
ோ்

      (1) 
ݔ = ௪೔ି௪೟

௪೔ି௪೑
            (2) 

Where, in Equation (2), wi is the initial weight, wf is the final weight and ݓ௧ is the sample’s 
weight at a specific temperature. Furthermore, in Equation (1), β is the heating rate 
(100C/min), T is the temperature in kelvin, R is the general gas constant (8.3143 J/mol. K), 
Ea is the activation energy and A is the pre-exponential factor. Moreover, the plot between 
ln[-ln(1-x)] and 1000/T is presented in Figure 6 and the activation energy and pre-exponential 
factor was calculated from the linear equation obtained by the best fitted value of graph. Stage 
1 of the reaction has a moderate fit with an R² value of 0.6094, indicating that other factors, 
such as the initial heating rate, should be explored. In contrast, the R² value for Stage 2 is 
0.9139, indicating a good fit that allows for reliable predictions. The calculated values of Ea 
and A are mentioned in Table 4.  

Table 4. Activation energy and pre-exponential factor values in different stages 

Stages Temperature(K) ܧ௔ (J/mol) A (M/min) 
Stage 1 (Dehydration) 491.84 13785.9 0.256021 

Stage 2 (Decomposition) 860.5 37027.7 42.55525 

 

 

Amorphous Content (weight %) = 94.73% 

Amorphous Content (weight %) = 95.04% 

Amorphous Content (weight %) = 94.23% 

Amorphous Content (weight %) = 93.95% 
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Fig. 5. TGA of rice husk ash sample (C8). 

 
Fig. 6. Plot of ln[-ln(1-x)] vs 1000/T for to stage process of rice husk ash burning. 

4 Conclusion 
Rice husk ash is a promising material to be used as supplementary cementitious materials in 
order to promote sustainability in construction industry. This study found that the leaching 
treatment of rice husk ash with 0.1M HCl for 1.5 hours while having the leaching temperature 
of 700C is enough to reduce all the metallic impurities from rice husk ash. Furthermore, the 
burning of leached rice husk at the temperature of 8000C for 2 hours can have the highest 
amount of amorphous ash with 99.39% of silica having large surface area. Moreover, this 
research also provided the fundamental insights on the kinetics of burning process of rice 
husk which would be beneficial for the large-scale production process. 
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burning of leached rice husk at the temperature of 8000C for 2 hours can have the highest 
amount of amorphous ash with 99.39% of silica having large surface area. Moreover, this 
research also provided the fundamental insights on the kinetics of burning process of rice 
husk which would be beneficial for the large-scale production process. 
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