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This work aimed to extract silica from combination of rice husk (RH and Rice straw (RS) by optimizing 
the ash digesting process parameters with the aid of response surface methodology (RSM). The effects 
of three independent ash digestion process factors like sodium hydroxide concentration (1–3 M), 
temperature (60–120 °C) and time (1–3 h), for silica production from the mixture of rice husk (RH) 
and rice straw (RS) were studied. A quadratic model was used to correlate the interaction effects of 
the independent variables for maximum silica production at the optimum process parameters by 
employing central composite design (CCD) with RSM. The work indicates that the temperature is the 
most significant parameter among the model terms, followed by NaOH concentration, then time for 
digestion of ash for silica production. It may be because of the larger F-value for temperature, which 
influences to high extent of ash digestion for silica production. The proximate analysis discovered that 
RH/RS possessed compositions of high ash, volatile matter and fixed carbon content whereas low 
moisture content, i.e., 20.5 ± 0.46, 67.1 ± 0.78, 15.8 ± 0.35 and, 6.6 ± 0.37 wt.%, correspondingly. 
The characterization of RH/RS and silica were performed by employing thermogravimetric (TG) 
and differential thermal (DT), Fourier transforms infrared spectroscopy (FTIR), X-ray fluorescence 
spectroscopy (XRF) and Brunner–Emmet–Teller (BET) for confirmation of the silica production. Hence, 
this current study concludes that silica materials obtained from RH/RS (with purity > 97.35 wt.%) may 
be new materials in the Si–C–O system that may be used in construction, ceramics and silica gel that 
helps to absorb moisture.

Keywords  Rice husk, Rice straw, Optimization, Central composite design, Biogenic silica

Renewable materials like biomass contains inorganic and organic complex compound that is obtained from 
the agricultural, animal residues, plantation, and forestry1–4. Biomass has recently emerged as a promising class 
of renewable resource due to their distinct advantages such as no competition with land for foodstuffs and 
food production, no emission of hazardous materials in its utilization, fast-growing characteristic, abundant 
availability, and low economic value1–3,5–7. Renewable energy from biomass is one of the most promising energy 
sources and its use has been increased in the world. Many countries harvest large quantities of agroforestry waste 
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and utmost of which is contained of biomass that can be employed as fuel to get thermal and electrical energy. 
Hence, the conversion of agroforestry waste into energy can decrease the environmental impact of its disposal 
and enhance the value of the waste8–10. This waste is an outstanding biological source for various products, for 
instance animal feed, bioethanol, biogenic silica, biochar, and cellulose9,10. Since each of this waste possesses its 
composition, the end co-product (i.e. the ash) differs according to the physical and chemical properties of the 
biomass and the kind of it undergoes combustion as well11.

Due to the growing demand for silicate compounds and silica in construction materials, electronic devices, 
pigments, catalysts, drug delivery systems or pharmaceutical drugs, polymer nanocomposites, sensors and 
thermal insulators12,13, the need to develop new production methods has been increased. Hence, waste obtained 
from agricultural substrates becomes the most sustainable and cheapest sources for the manufacture of silica5,9. 
These wastes possess large silica content and can be employed for large-scale manufacture because of the cheap 
cost of the raw material and the silica quality attained5,9. Silicon has a protective function in plants that concentrate 
in the husks and it is picked up from the soil during the growth of the plant and its compound solubility is a 
result of temperature, soil pH and presence of bacteria14–16. Silicon dioxide (SiO2) or conventionally known as 
silica is one of the essential materials in the world17. It can present in many amorphous and crystalline forms and 
exists in different technological uses associated with its unique optical, electrical, mechanical, and piezoelectric 
properties18. Biogenic silica (bio-silica), i.e. bio-precursor, is an outstanding substitute to synthetic silica because 
of its density, structure, and variable composition9.

Raw materials particularly obtained from agricultural byproduct like rice husk and rice straw can substitute 
the conventional and expensive silica production19,20. Rice husk (RH) and rice straw (RS) are the two major 
agricultural by products available during rice production. Rice is a cereal grain that plays a critical role in the 
food and nutrition security for world nations. Besides its food security rice can generate a large amount of husk 
and straw. Rice husk and straw can generate waste if they are not properly disposed of or managed. Rice husk 
and rice straw are not recommended as livestock feed because of their low nutrient value. However, they are used 
for heat generation in boilers and as fuel in rural areas. After being used as fuel, they generate ash, which is often 
disposed of improperly, creating environmental challenges such as fly ash, which contributes to air pollution. 
However, this waste contains valuable material. The chemical composition of RH and RS is similar to that of 
other lignocellulosic resource and largely made of structural carbohydrates (cellulose and hemicellulose) and 
lignin. RH has cellulose, hemicellulose and lignin occupied from 28.6–43.3%, 18–43% and 18–43%, respectively 
and also has varying ash consists of 17–20%, whereas the cellulose, hemicellulose, lignin and ash content of RS 
can vary between 32.0–38.6%, 19.7–35.7%, 13.5–22.3% and 10–17%, correspondingly21,22. However, RH and 
RS possess high contents of silica in spite of most residue of crops23. The largest silica content in rice belonged 
to the husk. Ash content of RH and RS is between 10 and 20%21,22, and their ash possesses an approximate 
silica (SiO2) content of 75–95% in a hydrated amorphous form like silica gel23. Many researchers presented that 
the rice husk (RH) treated by thermal method can be converted into high-purity silica6,24,25, valuable carbon-
based materials26, and other ceramic compounds (e.g. nitride and silicon carbide)27–29. For instance, Halimah 
et al. (2019) reported the SiO2 extraction with high purity from RH by using the cold acid leaching approach30. 
Beidaghy Dizaji et al. (2019) also investigated the utilization of RH and RS as renewable energy materials for 
the production of high-grade biogenic silica. They pointed out that combustion for a longer time and higher 
temperatures can enhance the silica purity up to 97 wt.%5. Recently, Khoshnood Motlagh, et al. (2022) used RH 
and RS as the substrate for parallel silica and activated carbon production. They pointed out that the most vital 
superiority of RH to RS was its higher silica extraction yield from the initial biochar31.

Nevertheless, the proper use of rice waste (i.e. RH and RS) as a silica feedstock is still required. In reality, using 
RH and RS as the silica substrate will be useful not only for environmental aspect but also for economical point 
of view32–35. Even though several research works have been carried out on silica production from rice husk and 
straw ashes5,23,32,33,36–47, the synergic effect of hybrid RH/RS due to the different ash content and optimization 
of the ash digesting process variables by mixing with sodium hydroxide concentration (NaOH) solution for 
extraction of high-quality biogenic silica from RH/RS have not yet been investigated in detail. Hence, different 
from previous reports, our study employed response surface method (RSM) to optimize the ash digesting 
process variables including NaOH concentration (1–3 M), temperature (60–120 °C) and time (1–3 h.) and to 
study a synergistic effect between RH/RS by blending with NaOH solution in the extraction of silica form RH/
RS material. RSM encompasses statistical and mathematical techniques that are vital for optimization (needs 
less experiment runs) and studying the interaction between the variables and can handle various variables at the 
same time as well48–50. Central composite design ( CCD) was employed for extraction silica from RH and RS as 
the method is more efficient and practical design which is ideal for consecutive experimentation51. The results 
of this work reveal that hybrid RH/RS as a promising raw material for biogenic silica production that could 
be employed in construction, ceramics, pharmaceutical industry and cosmetic and production of nanosilicate 
materials as well.

Experimental method
Raw materials
The plant raw materials (i.e. RH and RS) were collected at Fogera Woreda, South Gondar in Ethiopia. Sodium 
hydroxide pellets (NaOH, 99.8%, Norbright, China), potassium bromide (KBr pellets, Merck, India) and 
hydrochloric acid (HCL, 37%, India) were found from local distributors/suppliers. All the chemicals employed 
were analytical grade and employed as received without any further purification. Distilled (DI) water was 
employed throughout the extraction of silica.
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Raw material preparation
At first, the RH and RS were washed with water to remove dust, sand and other particles. Then it was dried 
in oven at 110 °C for 12 h. to remove water52. Subsequent, RH and RS were ground using a grinding mill and 
the sample was passed through 2 mm mesh size sieve (AS PER IS: 460) and particles no < 2 mm in size were 
employed in for the extraction of silica in our experiments53. Then, few preliminary experments were performed 
with varying the mixture of RH (%) and RS (%). Based the trial laboratory results, the mixture of 70 wt.% of 
RH and 30 wt.% RS, which resulted in high ash content, was selected for the current work. Moreover, in the 
present study, RH/RS has been used standing for 70 wt.% of RH and 30 wt.% RS hybrids. The complete pictural 
illustration showing step-by-step experimental procedures in silica production from RH/RS ash is provided in 
Fig. 1. Furthermore, all the experiments were performed in triplicate, and the average analysis results of the data 
were provided.

Silica extraction by sol-gelling process
Acid pretreatment
It was carried out to remove alkali, alkali earth metal and transition metal impurities such as K, Na, Ca, Mg, Al, 
Fe etc. from the RH/RS material. These metals can decrease the final purity of the silica yield such as porosity, 
colour and specific surface area. Acid leaching is important to produce the ash which is free from organic and 
carbonaceous matter during combustion process. Leaching the sample with 1  M of HCl yields high quality 
silica52,54. The RH/RS sample was taken in to a beaker that contains 1N HCL solution of 500 ml and then heated 
with hot plate at temperature of 90 °C for 2 h (hrs.) under constant string with a magnetic stirrer at 500 rpm. 
Subsequently the leached material was filtered in a paper filter and then washed with DI water many times until 
the pH of the solution recorded up to 755. Finally, the acid treated solid material was put inside the oven and 
dried at temperature of 110 °C for 12 h. before the calcinations process.

Fig. 1.  Schematic flow chart illustrates the step-by-step procedure to extract silica from RH/RS.
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Ash production
The pre-oven dried acid leached material was calcinated in a muffle furnace at temperature of 700 °C for 3 h. 
in the presence of air41. After calcination cycles, the recovered ashes were labelled and put inside a desiccator.

Ash digestion of RH/RS in NaOH
The resulting RH/RS ash was then mixed with NaOH (digesting process) and kept at 500 rpm (constant agitation) 
to create sodium silicate (Na2SiO3) solution (Eq. 1). The approach adopted is essentially showed by Falk et al.42. 
Next, the mixture was filtered in filter paper and then the filtered Na2SiO3 solution was allowed to cool to room 
temperature. The digestion process was done by using 1:10 solid/liquid (g/ml) ratio56,57.

	 SiO2 + 2NaOH → Na2SiO3 + H2O� (1)

Response surface method (RSM)
In this study, central composite design (CCD) was employed by using the Design-Expert 7.1 software (trial 
version). RSM that consists of statistical and mathematical techniques are is vital for modelling and analysing 
problems in which the response is determined by numerous factors. The main objective of the response surface 
is to attain an optimize response factors48–50. RSM was used to optimize the ash digestion process variables in 
NaOH for extraction of silica from the RH/RS. Here, the central composite design (CCD) from RSM, which 
is more practical than other approaches, was employed to optimize and study the interaction effects of ash 
digestion process variables namely NaOH concentration, digestion temperature and digestion time. The range 
of the parameters is presented in Table 1. Here, few trial experments were performed to identify the ranges of the 
ash digesting parameters. These trials results are consistent with results from previous study reported somewhere 
else56,57. To model the influence of these parameters on the extracted silica yield, 20 experiments were generated 
using CCD. The results were analysed using ANOVA with the aid of Design Expert version 7.1 software.

In the process optimizing, the response can be directly related to selected factors by quadratic or linear 
models. A quadratic model (Eq. 2)58–66 is the appropriate model since there are only three levels for each factor.

	
Y = βo +

k =3∑
i =1

Xiβi +
k =3∑
i =1

X2
i βii +

2∑
i =1

k =3∑
j = i+1

XiXjβij + ei� (2)

where βo is a coefficient (constant); Xj and Xi are the factors; Y is the response; βii, βij, and βi are the coefficients 
(interaction) of quadratic, second-order and linear terms, correspondingly; k is the number of examined factors 
and; ei is the error60,63,67–70. These variables were selected according to the preliminary experimental results as 
the critical parameters nominated as X1, X2, and X3.

The correlation coefficient, R2, was employed to scrutinise the fit of the quality of model (i.e. polynomial). The 
probability value (Prob > F) and the model adequate precision and Fisher variation ratio (F-value) as well are the 
crucial indicators that validate the significance and adequacy of the used model48,59,60,71.

Sol-gelling process
Subsequently, the resulting solution was titrated with 1  M HCl (sol-gelling process, Eq.  (3)) under constant 
stirring 600 rpm until the pH of the solution reached 742.

	 Na2SiO3 + 2HCl → SiO2 + 2NaCl + H2O� (3)

Then after 24 h. of ageing time, the silica gel was easily cracked and firstly washed with DI water. The filtered 
gel was washed with DI water for several times until free of sodium chloride (NaCl) and then dried in the oven 
at 110 °C for 12 h. Finally, the resulting gel was crushed in a pestle and agate mortar and stored in a vacuum 
desiccator for further characterization32,40,42. The yield of extracted silica from RH/RS was calculated according 
to Eq. (4). The employed approach is basically demonstrated by previous studies presented somewhere else40,72.

	
Percent yield of silica (%) = Mass of extracted silica (g)

Mass of ash (g) × 100� (4)

Parameters Unit Levels

Low (− 1) High ( +)

NaOH concentration; A M 1 3

Temperature; B °C 60 120

Time; C hr 1 3

Table 1.  Independent parameter ranges for the RSM designs.
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Characterization
Proximate analysis of biomass sample estimates volatile matter (VM), moisture, ash and fixed carbon (FC) 
content in a fuel material as described by the American Society for Testing and Materials (ASTM) standards73,74. 
Though originally established for coal sample, proximate analysis has been acquired for different solid fuels and 
biomass as well74,75. The proximate analysis was estimated based on the approach reported by Racero-Galaraga 
et al.[74]and Hosseinpour et al.75. The thermogravimetric (TG) and differential thermal (DT) analysis of RH/
RS were conducted on a BJHENVEN HCT-1 instrument. Fourier transform infrared spectroscopy (FTIR, 
Model Jasco-6600, Japan) was employed to identify the functional groups in the sample by creating an infrared 
absorption spectrum. The RH/RS material and extracted silica spectra were obtained with wavelength range of 
between 4000–500 cm−1 regions by employing a spectrometer with a detector at 4 cm−1 resolution and 25 scan 
rates. X-ray fluorescence spectroscopy (Siemens Model SRS 3000, XRF) was employed for determination of 
silica (SiO2) content and other chemical impurities exist in the extracted silica materials. The Surface area and 
pore volume of the extracted sample were conducted by using Brunner-Emmet-Teller (BET) (Quanta chrome 
Instruments, version 11.0, Quanta chrome Nova Win model).

Results and discussion
Proximate analysis of RH/RS
The proximate analysis results of the raw material (i.e. RH/RS) are presented in Table 2. The results were 
consistent with the previous studies reported somewhere else76–87. The proximate analysis of biomass comprises 
vital variables like ash, moisture, fixed carbon, and volatile matter, all of these are essential for evaluating its 
viability of energy74. Moisture affects combustion efficiency, as high moisture content lowers the calorific value 
by requiring additional energy to evaporate the water before effective combustion can occur74. The moisture 
content of RH/RS sample was found to be 6.6 (wt. %) (Table 2), which was in agreement with the previous 
studies76,77. Ash, final inorganic residue substance after the combustion of biomass is, which is a standard 
measurement for solid fuels74,88. The ash analysis result showed that an average ash content of 20.5 wt.% was 
obtained for RH/RS material (Table 2), indicating a high percentage value of ash yield due to the synergistic 
effects between RH and RS, that will result in highest yield of silica. This result is basically matched with the 
previous studies83–85 . VM, which comprises of the gases released through the beginning steps of combustion, 
helps in combustion stability and fuel ignition74,89,90. The VM values obtained for RH/RS (67.1 ± 0.78 wt.%, Table 
2) is in agreement the previously reported results78,79. Moreover, FC, indicates the portion of carbon content 
remaining after volatiles and moisture have been expelled, is related to the calorific value and aids as a main 
indicator for the energy potential’s of biomass74,91. The FC was estimated based on the ASTM Standard D 3172–
89 by subtracting the moisture, VM, and ash content from the initial biomass weight (i.e. FC, wt.%. = 100 − (ash, 
wt.% + moisture, wt.% + VM, wt.%.)92. The FC values found in this work (5.8 ± 0.35 wt.%. ) is different from the 
previous result (11.1 wt.%.)86,87. This difference could be due to the kind of rice, geographical-linked condition, 
climate, and planting time54. Lastly, biomass basically possesses a VM/FC ratio of > 4.093,94. In this study, the 
VM/FC ratio for the RH/RS material is about 11.6, indicating the main form of combustion will occur through 
the volatile species gas-phase oxidation93,95.

TG and DT analysis of RH/RS
TG/DT analysis was employed to examine the presence of organic constitutes in the RH/RS. (Fig. 2). 10 mg of 
sample was kept in corundum crucible and then heated up to a 700 ◦C temperature at 20 ◦C per minute heating 
rate in the air atmosphere. It can be observed that four temperature stages have been obtained. The first stage 
(80–220 °C) demonstrated that the mass loss happened at temperature between 80–220 °C. This can be due to 
the loss of adsorbed moisture and other volatile components96,97. The loss of these components was verified by 
the discovery of the same temperature for TGA and DTA profile at < 175 °C.

The second stage indicated a large mass reduction within 200–350 °C. This mass reduction occurred because 
of the thermal degradation of hemicellulose and cellulose as main organic constituent in the RHRS96–99. This is 
verified by the occurrence of exothermic peak at approximately 345 °C in the DTA analysis.

The third stage (between 380–585 °C) revealed the mass loss which was owing to degradation of lignin96–98. 
This was verified by the discovery of exothermic peak at about 485 °C in the DTA plot.

In the fourth stage (> 590  °C), no mass reduction was detected97,98. The degradation rates are no longer 
significant and no mass loss detected as all volatile organic constituents were converted entirely. The ash residual 
is mostly the silica (non-combustible)97.

The TGA/DTA results demonstrated that the heat treatment, can eradicate organic constituents, is crucial to 
be performed prior to silica production process32,47,97,100.

Proximate analysis variables Current study References

Ash 20.5 ± 0.46 83–85

Moisture 6.6 ± 0.37 76,77

VM 67.1 ± 0.78 78,79

FC 5.8 ± 0.35 86,87

Table 2.  Proximate analysis results of RH/RS material (dry basis, wt.%).
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Surface functional groups analysis using FTIR
Figure  3 shows the FTIR spectra of the raw RH/RS material and the extracted silica. For both samples, the 
peaks about 1100 and 870 were assigned to CHOH and Si–O-Si stretching correspondingly while the peak 
around 618 cm-1 ascribed to Si–H groups97,101–103. Also, these two samples possessed peaks at 1000, 700 and 
450, in which these peaks were ascribed to Si–O-Si asymmetric stretching, Si–O-Si symmetric stretching and 
Si–O-Si stretching, correspondingly (Fig. 3). However, for RH/RS, we obtained a peak which was not attained 
in the silica. For instance, in the FTIR spectra of RH/RS (black, Fig. 3), the peak about 3250 cm-1 showed the 
presence of free OH groups. The RH/RS bands around 1600–1750  cm-1 assigned to the stretching of C = O 
that may be ascribed to the aromatic groups of lignin and hemicelluloses104,105. The C = C stretching vibrations 
of RH/RS around 1500–1600 cm-1 showed the alkenes and aromatic functional groups and the peak around 
1383 cm-1 and 1250 cm-1 were ascribed to the presence of CH2 and CH3

102,105. Similarly, in the FTIR spectra 
of the extracted silica (Fig. 3 (red), different from RH/RS, the bands around 500 and 1000 cm-1 assigned to 
the O-Si–O symmetrical stretching vibrations which is similar with the previous findings106,107. Moreover, 
the spectra between 1000 and 1500 cm-1 indicated the existence of O-Si–O vibration in extracted silica that 
attributed to the vibration of asymmetrical stretching bands which is identical to the study reported somewhere 

Fig. 2.  Thermogravimetric (TG) and differential thermal (DT) plots of RH/RS.
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else108. Furthermore, for silica, the bands around 3550 and 3750 cm-1 assigned to the free water band because of 
the H2O molecules stretching vibration109. This result also agreed with the previous works108,110. Finally, the peak 
for extracted silica detected between 550 and 700 cm-1 demonstrated the formation of crystalline, what typically 
noticed as crystalline silica108,111.

XRF analysis
XRF was employed to identify the purity and chemical compositions of silica extracted from the RH/RS (Table 
3). To verify the composition and purity, XRF was performed for extracted silica at the optimized ash digesting 

No Compositions, wt.% Extracted silica at the optimized conditions

1 SiO2 98.74

2 Al2O3 0.26

3 CaO 0.23

4 Fe2O3 0.18

5 P2O5 0.16

6 SO3 0.13

7 Cl 0.11

8 ZnO 0.08

9 Na2O 0.05

10 MgO 0.03

11 K2O 0.02

12 MnO 0.01

Table 3.  Chemical constituents of extracted silica.

 

Fig. 3.  FTIR spectra of raw RH/RS (black) and extracted silica (red).
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process conditions as a proof for laboratory result. The XRF result showed that silica (SiO2) content was 98.74 
wt.%. purity. This higher value (98.74 wt.% ) was attributed to the decrease in the impurities (i.e. other metal 
oxides) due to the acid leaching during sol-gelling process97, which fitted well with the experimental value 
(i.e., 97.35 wt.%., optimized value obtained from Table 4). The values are in good agreement with other studies 
reported elsewhere31,42,97,112–114. This result demonstrates that the RH/RS is one of the promising materials for 
biogenic silica resources.

Surface area and porosity
Table 5 presents the BET surface area, pore diameter and total pore volume of extracted silica.

According to Table 5, the extracted silica possessed a BET surface area of 225 m2/g and pore volume of 0.41 
(cm3/g). The higher pore volume and surface area values are largely ascribed to the effect of acid (HCl) leaching 
treatment that resulted in the hydrolysis of cellulose and hemicellulose into smaller components which might 
degrade easier in combustion process97. The smaller average pore diameter of silica (about 58.61 Å) indicated 
that acid leaching treatment resulted in reduced pore diameter. The surface area value obtained is in agreement 
with the result obtained by Bakar et al.97 and Mahmud et al.114.

Model development and statistical analysis
In this study, the Design-Expert 7.1 software (trial version) was employed to examine the experimental data 
regression analysis and to plot the response surface curves. In order to determine the influence of the factors 
and their interactions effect, the statistical variables have been estimated by employing Analysis of variance 
(ANOVA) in the optimal Central Composite Design (CCD) test48,59,60. The NaOH concentration ranged from 
1 to 10 M, the temperature ranged from 60–120 °C and time 1 to 3 h., high (coded + 1) and low (coded − 1) set 
points, for ash digestion process variables have been selected according to the values achieved in preliminary 
tests. Table 6 presents the required experimental variables and ranges for-ash digestion process in NaOH in that 
have been employed in the current study. The experimental results of 20 runs of the design of experiments using 
CCD on three factors is shown in Table 6.

The experimental analysis of our results (Table 6) provides to mathematical relationship that convey silica 
yield as function of interaction and individual contribution of parameters (Eq. 5). Hence, in terms of a coded 
variables, the final regression model (second-order polynomial) for silica extraction (wt.%)) is indicated in Eq. 5:

	 Silica yield (wt.%) = +90.01 + 6.00 ∗ A + 7.10 ∗ B + 5.31 ∗ C + 6.75 ∗ A ∗ B + 7.50 ∗ A ∗ C − 38.45 ∗ A2� (5)

where the positive sign presents the synergistic effects and the negative sign shows the antagonistic effects.

The test for significance of the individual model and regression model coefficients with lack of fit test was 
conducted to fit a good model. Often, the significant variables have been ranked according to the P-value 
(probability value) or F-value with 95% confidence level. Table 7 presents the ANOVA of regression factors for 
the data obtained by using Eq. 5 for silica extraction from RH/RS. The smaller ‘P’ value and the larger F-value 
(Prob. > F), indicate more significant of the model for corresponding coefficient35. The F-value of 21.74 revealed 
that the model is significant for silica yield. Moreover, the model terms are not significant only when the Prob. > F 
values of are > 0.1000 whereas values < 0.05 indicate the significant model terms115. In this case, A, B, C, AB and 
AC are significant model terms on response while interactional effects between BC, B2 and C2 are not significant 
model terms that had limited effect. These not significant terms were excluded in order to enhance the model.

The model adequate precision ratio of 12.319 , which is > 4, revealed the adequacy of the signal model116. 
Thus, the model developed can be employed to guide the design space. The Lack of fit F- statistic value of 1.97 
suggests that the Lack of fit is not significant since the P values is > 0.05 (Table 7). The non-significant lack of fit 
in Table 7 implies that the quadratic model is statistically significant and can be employed for further analysis. 
Furthermore, the multiple correlation coefficient (R2) value of 0.9514 was obtained for silica extraction, which 
is > 0.80, revealing that only 4.86% of the total variation might not be described by the empirical model. For a 
good fit of a model, the R2 should be at least 0.8 as described by Joglekar et al.117. The High R2 results reveals 

Parameter Extracted silica

BET surface area (m2/g) 225

Total pore volume (cm3/g) 0.41

Pore diameter (Å) 58.61

Table 5.  BET surface area of extracted silica.

 

Optimum variables Silica yield (wt.%)

Solution no A (M) B (°C) C (hrs.) Experimental value Predicted value Desirability

1 2.07 95.42 2.78 97.35 97.40 1

Table 4.  Optimization results derived by CCD for silica yield.
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good similarity between the actual and predicted values in the range of experiment. Similar results had been 
demonstrated and discussed elsewhere59,118.

In general, it is crucial to check the adequacy of real system approximation with the developed model in order 
to verify the data analysis of the experiment119. By employing the diagnostic plots, like studentized residuals 
versus normal probability plots, the adequacy of the model can be checked. The normal probability of studentized 
residual plot was presented in Fig. 4 for extraction of silica from RH/RS. It has been found from Fig. 4 that there 
was neither response transformation nor any apparent problem with normality. It can be found that there was a 
normal distribution of data (Fig. 4). The predicted silica yield and internally studentized residual is presented in 
Fig. 5. This indicates that the variance of original value is constant for the entire response values (i.e. the random 
scatter plot) and there was no need for response factors transformation. Figure 6 shows the actual versus the 
predicted percentage for silica extraction from RH/RS. It was discovered that the values of adjusted R2 (Adj R2) 
and R2 were 90% and 95% correspondingly. The result of R2 indicated up to what level perfectly developed model 

Source of variation Sum of square DF Mean square F value P value Remarks

Model 10,033.25 9 1114.81 21.74  < 0.0001 S

A 360.00 1 360.00 7.02 0.0243 S

B 504.10 1 504.10 9.83 0.0106 S

C 281.96 1 281.96 5.50 0.0410 S

AB 364.50 1 364.50 7.11 0.0236 S

AC 450.00 1 450.00 8.78 0.0142 S

BC 200.00 1 200.00 3.90 0.0765 NS

A2 4065.61 1 4065.61 79.30  < 0.0001 S

B2 23.93 1 23.93 0.47 0.5100 NS

C2 2.75 1 2.75 0.054 0.8215 NS

Residual 512.69 10 51.27

Lack of fit 339.85 5 67.97 1.97 0.2379 NS

Pure error 172.84 5 34.57

Correlation total 10,545.94 19

Table 7.  ANOVA for analysis of variance and adequacy of the response surface quadratic model for silica 
extraction for CCD obtained by the Design Expert 7.1 software. Std. Dev. = 7.16; PRESS = 2957.34; R2 = 0.9514; 
Adj R2 = 0.9076; Adeq Precision = 12.319. DF- Degree of freedom; S- Significant; NS-Not significant.

 

Variables Silica yield (wt.%)

Run A B C Observed* Predicted**

1 1 90 2 44 45.56

2 2 90 3 96.2 90.01

3 3 60 1 40 33.95

4 2 60 2 70 79.96

5 3 90 2 50 57.56

6 2 90 2 95 90.01

7 1 60 1 50 50.45

8 3 120 1 50 51.65

9 1 60 3 40 36.07

10 2 90 2 93 96.32

11 3 120 3 90 87.27

12 2 90 2 96 90.01

13 3 60 3 50 49.57

14 2 120 2 95 94.16

15 1 120 1 43 41.15

16 2 90 1 79.9 85.70

17 2 90 2 81.1 90.01

18 2 90 2 95 90.01

19 1 120 3 43 46.77

20 2 90 2 95 90.01

Table 6.  Experimental variables in actual and coded units and experimental response (silica yield) for the 
CCD. *Experimental results of response. **Predicted results of response by CCD proposed model.
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can appraised the data points (experimental) and the value of adjusted R2 described the quantity of variation 
about mean described by the developed model. Thus, the model is found to be adequate. Similar results were 
shown and discussed by previous reports59,118,120–122.

Three-dimensional (3-D) response surface plots
The RSM assigned to CCD model was illustrated and examined to optimize the crucial variables and depict the 
response surface nature in the experiment59. Based on the ANOVA, the 3-D response plots were discovered 
according to the quadratic model from the combined effect of the three parameters on silica production from 
RH/RS. In each plot, as presented in Fig. 7, one variable was maintained constant while the other two factors 
were tested on silica yield in the experimental ranges. The combined effect of NaOH concentration (A) and 
temperature (B) on silica yield at constant time of 2 h. is demonstrated in Fig. 7A. It can be observed from the 
results, NaOH concentration (A) and temperature (B had lower effects on silica extraction from HR/HS owing 
to the low result of F statistics. Similarly, Fig. 7B presents the combined effect of NaOH concentration (A) and 
time (C) on silica production form HR/HS at 90 °C (constant temperature). The results indicated that interaction 
between the NaOH concentration and time possessed higher effect in silica yield. Similar results with analogous 
situations and supposition had been presented and discussed somewhere else59,60,121,122.

Fig. 4.  Studentized residuals versus normal percentage probability plot for silica extraction.
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Optimization of ash digesting process variables by RSM
Profiling the desirability option and the predicted values in the Design-Expert 7.1 software (trial version) 
was employed for process optimization. The profile of desirability responses comprises stating the function 
for desirability for the dependent factor (silica yield, wt.%) by allocating a score for predicted values ranging 
from 0 (very undesirable) to 1 (very desirable). Based on the desirability score of 1.0 (Table 4), silica extraction 
was optimized at 97.35 wt.% at optimized ash digesting parameters of 2.07 M NaOH, temperature (95.42 °C) 
and 2.78 h. of digestion time. For validation at these optimized ash digesting parameters, the experiment was 
performed in triplicate and the results revealed that there was < 0.05% error between the actual (97.35 wt.%) and 
predicted (97.4 wt.%) values for the silica yield from RH/RS. The results were estimated and discussed on the 
bases of the analysis approached reported by Asfaram et al.59 and Agarwal et al.60. Hence, the present research 
concluded that designed model could predict the relation between the variables and silica yield.

Conclusion
In this study, silica extraction from RH/RS was optimized using CCD with RSM. The effects of three independent 
ash digestion process variables including NaOH concentration (1–3  M), temperature (60–120  °C) and time 
(1–3  h.) using a quadratic model for maximum silica production. The present study demonstrates that the 
temperature is the most significant parameter among the model terms, followed by NaOH concentration, then 

Fig. 5.  Predicted silica extraction of RH/RS and studentized residuals plot.
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time for digestion of ash for silica production. At the optimized ash digesting variables, the experimental and 
predicted values, for the silica yield from RH/RS were found as 97.35 wt.% and 97.4 wt.%, correspondingly, with 
error less than 0.05%. Hence, the results indicated that the model developed could precisely predict the silica 
extraction. The extracted silica can be a potential material in construction, ceramics and silica gel application.

Fig. 6.  The observed values (experimental data) versus predicted values for silica extraction.
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Fig. 7.  Response surface plots for the CCD for silica extraction as a function of: (A) NaOH conc. and 
temperature (at time 2 h.) (B) NaOH conc. and time (at temperature 90 °C).
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