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ABSTRACT - A large amount of rice straw is produced as crop residue from rice production 
as an underutilization waste material. The open burning of rice straw can lead to environmental 
pollution by forming an abundant amount of rice straw ash (RSA) and exposing harmful gases 
to the atmosphere. Thus, RSA can be used as a cement replacement material due to its high 
amount of silica. Silica is a helpful additive to cement mix by accelerating the hydration process 
of cement because of its high reactivity and improving mortar performance. This study focuses 
amount of high silica of RSA in modified concrete through thermochemical pretreatment via 
response surface methodology (RSM). The factors involved in the pretreatment of RSA are 
0.01M – 0.1M HCl hydrochloric acid, 1 – 3 hours soaking duration, and 60 - 80℃ soaking 
temperature, and a response is the percentage of reactive compound content (SiO2, Al2O3, 
and Fe2O3). Therefore, central composite design (CCD) in the RSM and the analysis of 
variance (ANOVA) have been used to evaluate the interaction between the factors and 
response, then simulated and further assess the accuracy of the model to achieve the 
accurate prediction. As a result, RSM observed that the optimum silica amount in the treated 
RSA (98.34%) was produced using parameters of 0.06 M HCl, 2 hours of soaking duration, 
and 70℃ soaking temperature in the pretreatment process. After that, it is followed by a 
burning process at a controlled temperature and a grinding process to produce treated RSA. 
The prediction given by the RSM was not the sole result but was proved through X-Ray 
Fluorescence (XRF) analysis. The result of XRF analysis obtained for each model with the 
same value of each factor (HCl concentration = 0.06 M, soaking duration = 2 hours, and 
soaking temperature = 70℃) is more than 97.00% and falls between the prediction index 
range. Thus, the model is validated since the actual experimental result is within the expected 
range for any involved factor. Hence, the treated RSA was considered a high-quality 
pozzolanic material incorporated in the mortar production.  
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1.0 INTRODUCTION 

Rice is an important grain crop widely produced by all countries, with around 500 million tonnes of rice production 

annually [1]. Farmers can easily plant paddy crops because those land areas are suitable for rice cultivation. There are 

more than 75 countries that contribute to produce rice, while China manufactures the most amount of rice. Rice production 

is one of the major industries for Southeast Asia countries, and it is the activity that contributes to the rural economy and 

as a staple of food. [2] also emphasize paddy rice production in more than 50 countries over ten years, from 2004 until 

2018. Asia was the highest area producing paddy rice while Oceania made the lowest. The development of the paddy 

field in Malaysia is more than 700,000 hectares, and then there will be around 2 million tonnes of rice straw in every 

cultivation season [3]. A large amount of rice straw is produced as crop residue from rice production [4].  

In Malaysia, the rice straw is known as a residue by farmers. Traditionally, farmers diminish the straw after harvesting 

by burning the paddy field. The field must be free of straw for the replanting process of the paddy [3]. The open burning 

of rice straw is the fastest and cheapest way to remove it from the field. Basically, the open burning of rice straw at the 

paddy field is improper method that caused air pollution, contributed to global warming through the emissions of 

greenhouse gases, and produced left residues known as rice straw ash (RSA) [5]. [6] agreed that the combustion from the 

open burning of rice straw at the paddy field and pollutant gasses emitted from it cause pollution.  

Furthermore, some farmers practice the natural decomposition method to dispose of rice straw. The natural 

decomposition method is another way to dispose of the rice straw without undergoing the burning process [6,7]. The 

natural composting method takes three to four weeks to decompose the rice straw before planting. Commonly, the waste 

is dumped in landfills. The waste dumped into the land must require a proper landfilling technique to avoid landfill 

problems. But, [8] mentioned that 90% of the collected wastes dumped at the landfill do not undergo treatment. The 

improper way of landfill method can cause soil and water contamination, and lead to environmental pollution. 

Additionally, increasing waste needs more landfill areas to dispose of it [9].  
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Nowadays, agricultural waste and industrial waste are utilized as cement replacement materials (CRM) to improve 

the performance of construction materials, decrease the expense of the construction materials, and raise concern about the 

environment [10,11]. But, those industrial wastes are not easy to get at low prices. Alternatively, agricultural wastes are 

used in the cementing system to reduce global warming and decrease the number of waste materials [11]. Rice straw is 

one of the agricultural wastes and is easy to get in all parts of the world. The residues of RSA left after the open burning 

of rice straw at the paddy field can partially replace cement in mortar production.  

Most past researchers used RSA as a partial replacement for cement between 2% to 30% [12–15]. [12] mentioned that 

the strength of 10% of RSA in cement mortar is higher than the control mixture with 100% cement. The presence of RSA 

helps to increase the specific surface area, reduce pore size, and improve the strength of specimens. [13] recorded that 

every percentage of RSA (2% - 8%) had good compressive strength compared to control specimens. [14] also analyzed 

that the 10% of RSA replaced improved about 6% of its strength compared to the OPC mortar throughout 56 days of 

curing age. However, [15] reported that the strength of 30% of RSA incorporated in mortar that undergoes air curing is 

higher than OPC mortar for seven days. Overall, they concluded that the performance of RSA incorporated in the concrete 

production is better compared to the performance of the control mixture.  

For this research, the rice straw cannot be directly used to replace cement because it contains organic materials that 

can disturb the performance of cement mortar or cement concrete. The RSA must be high in silica to be used as a CRM 

[16]. As stated in ASTM C 618, the percentage of reactive compound content which are silicon dioxide (SiO2), aluminium 

oxide (Al2O3), and iron (III) oxide (Fe2O) of the waste must be more than 70% to be used as CRM [17]. Thus, the RSA 

undergoes a thermochemical pretreatment process to increase the silica content and decrease other impurities. Then, 

followed by the burning process at a controlled temperature and the grinding process. Most past researchers only focus 

on the burning process to produce amorphous silica of RSA [18–20].  

For the pretreatment process, the design of the experiment (DOE) using the response surface methodology (RSM) to 

define the number of samples since each of the factors involved, namely, hydrochloric acid (HCl) concentration, soaking 

duration, and soaking temperature, have an extensive range. The DOE is an effective tool for defining sample numbers 

and minimizing time consumption [21]. In general, G. E. P. Box and K. B. Wilson developed RSM in 1951, defining the 

design of the sequence of the experiments to obtain the optimal response [22]. RSM collects the experimental data of the 

reaction of interest, constructing an RSM model and designing and optimizing the parameter to satisfy the desired 

response variables from analysis of variance (ANOVA) analysis. In experimental work, RSM defined finding the 

optimum response as the crucial step of the optimization process [23].  

Several types of RSM can be used for the optimization process. However, two well-known methods are found, i.e., 

central composite design (CCD) and Box-Behnken design (BBD) [24]. Both ways are usually used in the final 

optimization of the experiment and can analyze the responses with the independent variables on different ranges, but each 

technique has various features. But, the predictability of CCD and BBD differ by instance. The result demonstrates that 

CCD outperforms the other designs in terms of prediction [22]. [22] performed RSM to optimize the formation of cellulose 

nanocrystals (CNC) in rice straw as a binding agent within the manufacturing of nanocomposites for various applications. 

As a result, [22] agreed that the CCD in the RSM is useful in specifying the main variables throughout the treatment 

process to prepare CNC in their experiment.  

[25] was chosen the CCD to design the experiment because of its capability to predict the effect factors that influence 

responses within the set range. [26] justified that the CCD in the RSM is an effective method to identify the optimum 

amount of nano-silicon needed in the cement mortar to reduce water absorption and crack formation. The CCD concluded 

that 6.6% is the optimum amount of nano-silicon required for water absorption resistance that improves about 63% on 

the cement mortar strength. [27] also used the CCD in the RSM to analyze the silica extraction in the rice husk ash through 

the alkali pretreatment for energy production. Lastly, [27] reported that the CCD in the RSM is an efficient and famous 

tool used widely across the field. It was utilized to achieve the best results with a limited number of experimental runs.  

2.0 METHODOLOGY 

The experimental work focuses on producing treated rice straw ash (TRSA) using low hydrochloric acid (HCl) 

concentration, followed by the burning and grinding processes. First, the design of the experiment (DOE) was used for 

the pretreatment process since it has several factors with an extensive range through the response surface methodology 

(RSM) in Design Expert 7.1.6 software. [21,28,29] also used design expert software for the DOE purpose. RSM model 

is collecting experimental data on the response of interest, building an RSM model and validating its correctness through 

analysis of variance (ANOVA) analysis, and finally optimizing the parameter to fulfill the stated ideal response variables 

[30].  

As stated by [22,23,26,27,29], the central composite design (CCD) of RSM was the chosen method to define the 

optimum sample. Thus, this research used a CCD design to interpret the interaction between the variables and the 

responses involved in the pretreatment process. The flowchart of the methodology was illustrated as shown in Figure 1. 

The variables involved in the pretreatment process are soaking duration, soaking temperature, and hydrochloric acid (HCl) 

concentration. However, the responses are the percentage of the reactive compound. The limit range for each variable 

from [31] is illustrated in Table 1. 
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Figure 1. Flowchart of methodology 



Jamaluddin et al.│ Construction│ Volume 3, Issue 2 (2023) 

journal.ump.edu.my/construction  199 

Table 1. Variable and limit level for independent variables for the thermochemical pretreatment process. 

Variables Unit Symbol 
Level 

-1 +1 

HCl concentration Molar A 0.01 0.1 

Soaking duration Hours B 1 3 

Soaking temperature Degree Celsius C 60 80 

The thermochemical pretreatment process using a dilute acid of HCl is the method that has been conducted to improve 

the performance of concrete by eliminating the impurities and increasing the amount of amorphous silica content in the 

rice straw. Thermochemical pretreatment using a dilute acid helps to increase the surface area of RSA and amorphous, 

making them highly reactive pozzolanic material [19,32]. In previous studies, most researchers used a high concentration 

of HCl (more than 1 Molar) in the pretreatment process, which can harm the environment [33,34]. For this research, the 

value of each variable was determined by the RSM as illustrated in Table 2, whereby there are 20 samples involved in 

this process with different HCl concentrations, soaking duration, and soaking temperature.  

First, the raw rice straw was immersed in the dilute HCl solution at a specific temperature for about a particular time. 

The ratio of rice straw and the dilute HCl solution used for this pretreatment process is 0.5 g: 40 ml. Based on that ratio, 

50 g of RS: 4000 ml of dilute HCl solution. Then, the treated rice straw was washed using distilled water until it reached 

neutral pH (pH 7) and dried in the oven at 110℃ for about 24 hours. After that, each sample undergoes the burning and 

grinding processes. At last, the X-ray fluorescence (XRF) analysis was conducted to obtain the value of response 1 

(percentage of reactive compound content). The XRF analysis result will be filled in the Design Expert 7.1.6 software for 

the optimization analysis. 

Table 2. Samples involved in the pretreatment process defined by DOE 

No. of 

run 

HCl concentration 

(Molar) 

Soaking duration 

(Hours) 

Soaking 

temperature 

(Degree Celsius) 

1. 0.06 2.00 70.00 

2. 0.06 2.00 70.00 

3. 0.10 1.00 60.00 

4. 0.10 3.00 60.00 

5. 0.06 2.00 70.00 

6. 0.06 2.00 80.00 

7. 0.06 2.00 70.00 

8. 0.06 2.00 70.00 

9. 0.10 3.00 80.00 

10. 0.10 2.00 70.00 

11. 0.01 1.00 80.00 

12. 0.01 3.00 80.00 

13. 0.10 1.00 80.00 

14. 0.06 3.00 70.00 

15. 0.06 1.00 70.00 

16. 0.01 1.00 60.00 

17. 0.01 2.00 70.00 

18. 0.01 3.00 60.00 

19. 0.06 2.00 70.00 

20. 0.06 2.00 70.00 

3.0 RESULT AND DISCUSSION 

First of all, the X-Ray Fluorescence (XRF) result for non-treated rice straw ash (NTRSA) recorded that the NTRSA 

consists of 32.38% of magnesium oxide (MgO), 20.16% of  calcium oxide (CaO), 9.40% of potassium oxide (K2O), 

24.1% of silicon dioxide (SiO2), 8.99% of aluminium oxide (Al2O3), and 0.05% of iron (III) oxide (Fe2O). Based on the 

XRF result of NTRSA, the ash is not suitable to be used as cement replacement material (CRM) since it is does not meet 

the requirement of ASTM C 618. Thus, it proved that the NTRSA cannot directly used as CRM in mortar production. 

Alternatively, the thermochemical pretreatment process using low concentration of acid is used to increase the percentage 

of reactive compound content in the rsa that are beneficial for concrete strength development.  
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Figure 2 shows the Response Surface Methodology (RSM) array of the value of factors for the 20 experimental runs 

and the results of the thermochemical pretreatment analysis. Based on the result of response 1 in Figure 2, the percentage 

of reactive compound content for each experiment involved in the pretreatment process seems to be more than 70%, as 

mentioned by ASTM C 618. Thus, treated RSA (TRSA) can be used as CRM. The eighth experimental run has the highest 

percentage of reactive compound content, 99.6%, while the least is 87.21% for the eighteenth experimental run. It shows 

that the pretreatment process enhances the amount of reactive compound content in the ash.  

 

Figure 2. RSM array for pretreatment process in design expert 7.1.6 

The first analysis of RSM is the determination of multiple regression analysis where the regression model equation 

was selected for further analyzing the study. The Design Expert was higlighted that model was selected when the p-value 

of sequential model sum of squares is less than 0.05, p-value of lack of fit tests is more than 0.05 to indicate the model is 

fitted, and had maximum both adjusted and predicted R-squared in the model summary statistics for response 1 [35–37]. 

In addition, the minimum or equal the value of degrees of freedom (DOF) is 3 for sequential model sum of squares and 

lack of fit test in to ensure that the test is significant [26]. The fit model is vital to be obtained in the RSM in order to 

ensure the predicted model is good and within the expected range [38].  

Based on Table 3, the quadratic model had a p-value (<0.0001) less than 0.05 for the sequential model sum of the 

squares and a p-value (0.2098) more than 0.05 for lack of fit test as per the Design Expert requirement. Both the sequential 

model sum of the squares and the lack of fit test had a required DOF value. Then, the quadratic model had a maximum 

adjusted (0.9398) and predicted (0.8265) R-squared for the model summary statistics. Therefore, the quadratic model was 

chosen as suggested by Design Expert to be used for further analysis. The qudratic model was the highest order polynomial 

where the additional terms are significant, and the model is not aliased.  

Table 3. Fit summary of multi-regression for response 1 

The sequential model sum of the squares 

Source Sum of squares DOF Mean square F-value p-value Comment 

Mean 1.806E+005 1.00 1.806E+005    

Linear 35.78 3.00 11.93 0.95 0.4480  

2FI 35.22 3.00 11.74 0.92 0.4589  

Quadratic  158.57 3.00 52.86 70.36 <0.0001 Suggested 

Cubic 5.13 5.00 1.03 2.15 0.2098  

Residual 2.38 5.00 0.48    

Total 1.808E+005 20.00 9039.80    
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Table 4. (cont.) 

Lack of fit test 

Source Sum of squares DOF Mean square F-value p-value Comment 

Linear 198.92 11 18.08 37.96 0.0004  

2FI 163.70 8 20.46 42.96 0.0003  

Quadratic  5.13 5 1.03 2.15 0.2098 Suggested 

Cubic 0.000 0     

Pure Error 2.38 5 0.48    

Model Summary Statistics 

Source Std. dev. R-Squared 
Adjusted R-

Squared 

Predicted 

R-Squared 
PRESS Comment 

Linear 3.55 0.1509 -0.0083 -0.5916 377.33  

2FI 3.57 0.2995 -0.0238 -4.2598 1247.02  

Quadratic  0.87 0.9683 0.9398 0.8265 41.13 Suggested 

Cubic 0.69 0.9900 0.9618    

Next, the second analysis involved in RSM is analysis of variance (ANOVA). The quadratic model from the multi-

regression analysis was used in this analysis. The ANOVA has been conducted to analyze the statistical significance of 

the model coefficients [33]. The result of ANOVA analysis of response 1 was generated by Design Expert as shown in 

Table 4. Based on the Design Expert, the minimum or equal the value of DOF is 3, while for pure error is 4 to ensure that 

the test is significant. The lack of fit is difficult to detect when the fewer value of the degree of freedom [26]. The p-value 

for this response is less than 0.05, thus the model is significant [26,37,39]. The model will be more significant when the 

p-value is small [29].  In this case, A, C, AC, A2, B2, and C2 are significant model terms.  

Based on Table 4, the F-value of 33.96 implies the model is significant, so there is only a 0.01% chance that an F-

value this large could occur due to noise. Furthermore, the lack of fit F-value of 2.15 implies the lack of fit is not 

substantial relative to the pure error. There is a 20.98% chance that a lack of fit F-value this large could occur due to 

noise. The value of DOF and pure error of model were within the range that required by Design Expert. The pred R-

squared of 0.8265 is in reasonable agreement with the adj R-squared of 0.9398. The value of R-Squared is 0.9683, which 

is close to 1. When the R-Squared was close to 1, the actual and predicted values had a good agreement and were highly 

accepted [33]. The Adeq precision measures the signal-to-noise ratio where the desired value is equal or more than 4 

[26,27]. For this analysis, the ratio of Adeq precision is 18.289, which indicates an adequate signal. As result, this model 

can be used to navigate the design space. 

Table 5. ANOVA analysis for response 1 

Source  
Sum of 

squares 
DOF 

Mean 

square 
F-value p-value Comment 

Model  229.57 9 25.51 33.96 <0.0001 Significant 

A-HCl 

concentration 
 6.08 1 6.08 8.09 0.0174  

B-Soaking 

duration 
 1.28 1 1.28 1.70 0.2216  

C-Soaking 

temperature 
 20.34 1 20.34 27.07 0.0004  

AB  3.47 1 3.47 4.62 0.0572  

AC  7.77 1 7.77 10.34 0.0092  

BC  24.19 1 24.19 32.20 0.0002  

A2  5.25 1 5.25 6.99 0.0245  

B2  19.38 1 19.38 25.79 0.0005  

C2  7.11 1 7.11 9.47 0.0117  

Residual   7.51 10 0.75    

 Lack of fit 5.31 5 1.03 2.15 0.2098 insignificant 

 Pure error 2.38 5 0.48    

Cor total  237.08 19     

Std. Dev. Mean C.V.% PRESS R-Squared 
Adj R-

Squared 

Pred R-

Squared 

Adeq 

Precision 

0.87 95.02 0.91 41.13 0.9683 0.9398 0.8265 18.289 
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Before moving on to optimization analysis, there are three essential graphs for correlation analysis are plotted to ensure 

that the fitted models are adequate to prevent inaccurate outcomes. All graphs as exhibited in Figure 3 to Figure 5 are 

generated by Design Expert before continuing the optimization part. A normal probability plot for response 1 is evaluated 

as illustrated in Figure 3. The externally studentized residuals' normal probability graph in Figure 3 is linear. The data in 

Figure 3 shows errors when it is normally distributed if they are not linear and it is assumed that the prediction of the 

model is wrong. Plotting the residuals against the expected response in Figure 4 demonstrates that they are randomly 

dispersed within the red lines. Thus, it shows that the model is a fitted model since the all points scattered between the 

red lines. Furthermore, Figure 5 illustrates that the experimental data and the values predicted by Design Expert 7.1.6 

correspond rather well. Thus, the model is found to be adequate. Similar results had been discussed and concerned by 

previous researchers [22,26,27,30].  

 

Figure 3. Normal probability graph for runs no 1 - 20 

 

 

Figure 4. The externally studentized residuals vs. predicted response graph for run no 1 - 20 

 

 

Figure 5. Numerical vs. experimental results graph for runs no 1 - 20 
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The fourth analysis is the interaction of factors involved in this analysis which is depicted in the three-dimensional 

(3D) response surface plot. The 3D contour plot is a planar presentation of the reaction surface in two dimensions. 

Contours plot also used in the analysis to predict the results [22,37]. Figure 6 (a) shows the interaction between soaking 

duration and hydrochloric acid (HCl) towards the percentage of reactive compound content. The ash had a high amount 

of reactive compound content when treated by soaking in a low HCl concentration solution throughout a medium length 

of time. The reactive compound content was seen to be reduced at a long soaking duration, even using a low HCl 

concentration. Besides, Figure 6 (b) exhibits the interactive effect of soaking temperature and HCl concentration. The 

reactive compound content extracted high at the medium temperature of a low HCl concentration of soaking solution. 

Then, Figure 6 (c) illustrates the interaction between the soaking temperature and soaking duration. The reactive 

compound content in the ash was increased when soaking in the medium temperature of solution for a medium length of 

time. A short or long time of soaking duration is not help to increase reactive compound content in the ash.  

 The percentage of reactive compound content does not necessarily increase when all factors, namely HCl 

concentration, soaking duration, and soaking temperature, increase. Overall, Figure 6 (a)-(c) shown that the combining 

high HCl concentration with the long soaking duration and the high soaking temperature does not lead to the highest 

percentage of reactive compound content. It is also proved that the low HCl concentration, which is less than 0.1 M, can 

help increase the amount of silica present in the ash (more than 70%). 

  
(a) (b) 

  

 
(c) 

Figure 6. (a) – (c) 3D contour plot for interaction between all factors 

The last analysis for the RSM in the Design expert is the optimization analysis. The optimization analysis was 

continued since the fitted model was obtained in all previous analysis. The optimization analysis was conducted to 

compare the experimental work with the numrical analysis result.The definition of optimization is the process of raising 

the efficiency of a system to maximize its advantages. For the optimization analysis result, as shown in Figure 7, one 

solution was selected by the Design Expert out of the 20 runs with a desirability function of 89.8%. The HCl concentration 

chosen is 0.06 M, the soaking duration is 2 hours, and the soaking temperature is 70℃.  
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Figure 7. Table of solution results for this analysis in RSM 

The result of XRF analysis is compared to the estimated value from the model to see if the suggested model can 

adequately predict since it is selected randomly from the design space. From Figure 7, the prediction value of the 

percentage of reactive compound content in RSM is 98.34%, while the XRF analysis results for each model with the same 

value of each factor (HCl concentration = 0.06 M, soaking duration = 2 hours, and soaking temperature = 70℃) is above 

97.00%. So, the range of XRF analysis results for actual reaction falls between 95% PI low and 95% PI high. The values 

of 95% PI low and 95% PI high are shown in Figure 8. The model is validated since the actual experimental result is 

within the expected range for any involved factor.  

 

Figure 8. Table of prediction results for this analysis in RSM 

4.0 CONCLUSION 

The satisfaction of using a thermochemical pretreatment process to produce an amorphous silica rice straw ash is 

proved in this study. Overall, the percentage of reactive compound content in the ashes for each experimental run is more 

than 87%. Thus, the ashes can be used in concrete production because the reactive compound content (SiO2, Al2O3, and 

Fe2O3) is more than 70%, as mentioned in ASTM C 618 [17]. And then, Response Surface Methodology (RSM) with a 

central composite design (CCD) has been discovered as a useful method for finding the optimum value of variables. As 

a result, the optimum experimental condition (HCl concentration = 0.06 M, soaking duration = 2 hours, and soaking 

temperature = 70℃) has an 89.90% desirability function to obtain a high-quality rice straw ash (RSA). Therefore, the 

thermochemical pretreatment process using dilute HCl concentration is suitable and effective in increasing the silica 

amount and decreasing impurities present in the ash. On the other hand, unlike the previous studies, using a high acid 

concentration in the pretreatment process can harm the environment [19]. However, future work may focus more on the 

morphology and mechanical properties of RSA in concrete production. 
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