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ABSTRACT 

With the increasing global demand for cleaner fuels, the use of biodiesel has grown steadily. As a potential feedstock, waste frying oil 
(WFO) is highlighted due to its availability and suitability for mild transesterification processing. As a low-cost and eco-friendly 
adsorbent, rice husk-derived silicates offer a promising strategy for waste frying oil polishing, specifically free fatty acid (FFA) content 
reduction. Upon this, lauric acid (LA) was used as a simplified model FFA to evaluate the calcium silicate performance under controlled 
conditions. Considering both production yield and adsorption capacity, the Analytical Hierarchy Process (AHP) was used as a decision-
support tool to screen and prioritise all OFAT-based experimental data from four potential calcium silicate synthesis parameters, 
including sodium hydroxide concentration (0.5 – 2.5 M), calcium nitrate concentration (0.5 – 2.5 M), leaching temperature (60 – 100 
°C), and leaching time (1 – 5 hours). The screening analysis revealed that sodium hydroxide concentration (1.5 – 2.5 M), calcium nitrate 
concentration (1.5 – 2.5 M), and leaching temperature (80 – 100 °C) strongly influenced both production yield and adsorption 
performance of calcium silicate. Under these highly prioritised ranks of synthesis conditions, the production yield of calcium silicates 
ranged from 58.77% to 83.48%, while the adsorption capacity ranged from 10.24 to 12.52 mmol/g. These results highlight the 
effectiveness of the OFAT analysis and AHP integration as a systematic preliminary screening-based method in prioritising the key 
parameters for subsequent synthesis condition optimisation. Indeed, it established a rational framework for the high-performance 
calcium silicate production for future WFO purification. 
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1. INTRODUCTION 

Biodiesel has emerged as a clean, renewable fuel in the 
current transportation sector due to its low carbon 
emissions and environmental sustainability [1]. Among the 
feedstock tested to improve the emission profile of 
biodiesel, WFO appeared to be one of the preferred choices 
due to its low economic value and often being discarded 
after repeated frying cycles [2]. However, its high FFA 
content led to soap formation that reduced biodiesel yield, 
requiring additional separation processes [3].  

To overcome this issue, silica-rich rice husk ash (RHA) has 
shown potential to reduce FFA content from WFO through 
adsorption [4]. However, previous studies revealed that 
RHA achieved only 44% FFA removal due to its low specific 
surface area [5]. Beyond this limitation, the amorphous 
silica in RHA could be transformed into an advanced 
silicate-based adsorbent with improved characteristics, 
including an increased number of active adsorption sites, 
surface area, and pore structures [6]. Among these tested 
silicate-based adsorbents, alkaline earth metal silicates and 

plant-based calcium silicate were reported to be effective 
adsorbents for such purposes [7]. The superior 
performance was related to both production yield and 
adsorption performance, which were strongly influenced 
by the structural properties of the calcium silicate 
produced.  

The synthesis process of calcium silicate could be divided 
into three main steps: i) RHA acid pretreatment; ii) Sodium 
hydroxide (NaOH) leaching to extract the pure silica from 
RHA into sodium silicate; iii) Calcium silicate precipitation 
using a calcium precursor such as calcium nitrate [8]. 
Among these three stages, sodium hydroxide leaching 
required critical control as it controlled the formation of 
sodium silicate, the main precursor of calcium silicate. 
Hence, its physicochemical properties significantly 
influenced its interaction with calcium ions during the 
subsequent precipitation stage, which in turn affected the 
structural properties and formation of calcium silicate.  

On top of that, significant factors including the leaching 
agent concentration, temperature, and duration must be 
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controlled to ensure the high-quality sodium silicate 
formation [9, 10]. Furthermore, the precipitation stage also 
plays a significant role, as the concentration of calcium 
precursor dictates the interaction between silicates and 
calcium ions that would further drive the result of calcium 
silicate formation, structure and performance. 
Interestingly, the effect of NaOH concentration, typically 
studied within 0.5 – 2.5 M, showed that higher solution 
viscosity hinders the interaction of Na+ ions with silica 
elements when extremely high concentrations are used 
[11]. When the same calcium precursor concentration 
range was applied, the cross-linking phenomena that limit 
the growth of the silicate chain were observed and 
attributed to the unbalanced ratio between the NaOH 
concentration and the calcium precursor [9].  

On the other hand, improper leaching temperature control 
would result in the unwanted silica gel layer being formed 
and inhibit further silica dissolution [12]. It was reported 
that silica dissolution could occur effectively within 60 – 
100 ℃ of leaching temperature, as the extremely high 
temperature caused a reduction in the rate of silica 
dissolution [13]. Furthermore, a prolonged leaching time 
influenced the extraction of crystalline silica, which limited 
the leaching agent's interaction with the available silica in 
RHA, hence slowing down the leaching process [14]. 
Previous studies reported that the amorphous silica 
extraction would occur within 1 – 5 hr [11, 15].   

While the justification for these factors was well reported, 
their respective significance requires a systematic 
evaluation to ensure efficiency of further process 
optimisation that could control the resource utilisation of 
the adsorbent [8]. Without an effective preliminary 
screening, optimisation could require large experimental 
datasets and more computational effort for modelling 
accuracy [16, 17]. The current practice shows that the use 
of the one-factor-at-a-time (OFAT) preliminary screening 
method is commonly used due to its simplicity, but it 
cannot account for the interaction between variables [11]. 
For that reason, an intermediate strategy to enhance the 
robustness and consistency of the preliminary screening 
method needs to be focused on. 

In this context, the AHP method was introduced as a 
systematic decision-support tool for preliminary screening 
that integrates both quantitative and qualitative judgment 
[12]. Such judgment systems facilitate the pairwise 
comparison with the use of a systematic hierarchy 
structure and a nine-point Saaty scale between selected 
factors [13]. The weight value of each criterion or response 
signals the logical coherence towards the final judgement 
of the factors (alternatives) involved [14]. Unlike the OFAT 
method, AHP provides a transparent and balanced 
screening framework that enhances the factor selection 
reliability and guides towards the subsequent conventional 
optimisation method. This approach could reduce the 
number of experiments by narrowing down the range of 
experimental conditions before detailed optimization 
conducted. Despite preliminary screening, the complexity 

of the WFO composition raised another concern for the 
adsorption studies. Other than complex FFA, the 
appearance of triglycerides, degradation products, and 
polymerised compounds might interfere with the 
adsorption system [18].  

Among these aforementioned components, the reduction 
of FFA content from WFO remains a crucial step in 
enhancing the WFO quality, which could improve the 
efficiency of biodiesel conversion [19]. Hence, to assess the 
ability of rice-husk-derived calcium silicate, this study uses 
LA as the simplified FFA model representative of FFA 
content in WFO. The selection would represent a simplified 
system that enables control analysis of adsorbent 
performance with a simple FFA structure before extending 
the more complex system. Indeed, it could provide a 
reliable basis to determine the suitability of rice-husk-
derived calcium silicate for real-world WFO application.  

Nevertheless, this study uniquely integrates the AHP 
approach with the experimental data obtained from the 
OFAT method as a preliminary screening method that was 
not reported elsewhere. Such a method was employed to 
prioritise the significant synthesis factors and identify the 
influential operational ranges among NaOH concentration 
(0.5 – 2.5 M), calcium precursor (calcium nitrate) 
concentration (0.5 – 2.5 M), leaching temperature (60 – 
100 ℃) and leaching time (1 – 5 hr) to develop a high-
performing calcium silicate, according to both production 
yield and adsorption performance criteria. 

2. MATERIALS AND METHODS 

2.1. Chemicals and materials 

RH was obtained from Dibuk Sdn. Bhd., located in Kangar, 
Perlis. Calcium nitrate, Ca(NO3)2; sodium hydroxide, NaOH; 
hydrochloric acid, HCl; and isooctane, 
(CH3)3CCH2CH(CH3)2, were all supplied in EMSURE® ACS 
grades and purchased from Biotek Abadi in Butterworth, 
Penang, Malaysia. The AR-grade potassium bromide (KBr) 
and lauric acid (C12H24O2) were obtained from Kumpulan 
Saintifik F.E. Sdn. Bhd. (KSFE) in Petaling Jaya, Selangor, 
Malaysia. Unless explicitly stated, all chemicals and 
materials were used without further purification. 

2.2. RH pretreatment 

The raw RH was washed with distilled water to remove any 
attached dust and impurities before being dried in the oven 
at 100 ℃ for overnight. The washed RH was then subjected 
to the acid pretreatment using an HCl solution. In a typical 
pretreatment, 10 g of RH was refluxed at 60 ℃ in 100 mL of 
3 M HCl for 3 hr, followed by a washing and filtering 
process using distilled water until the pH of the washed 
water became constant over three consecutive 
measurements. Once the washing process was done, the 
HCl-pretreated RH was dried in the oven at 100 ℃ for 12 hr 
before being combusted at 500 ℃ with a 5 ℃/min rate for 
three hours in a Carbolite/CDF 15/1C furnace. The HCl-
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pretreated RHA obtained after the calcination was ground 
and sieved using a mortar till the particle sizes were 
approximately 125 μm and kept in an airtight container 
until the next procedure. 

2.3. OFAT experimental design 

The experimental work started by investigating all 
synthesis parameters using the OFAT method, where each 
parameter was varied while other parameters remained 
constant. The factors investigated include NaOH and 
calcium precursor concentration, leaching temperature 
and time, as summarised in Table 1.  
 
Table 1. List of synthesis parameters and their respective ranges 

Synthesis 
parameters 

Label Unit Value 

NaOH 
concentration 

A1 

M 

0.5 
A2 1.0 
A3 1.5 
A4 2.0 
A5 2.5 

Ca(NO3)2 

concentration 

B1 

M 

0.5 
B2 1.0 
B3 1.5 
B4 2.0 
B5 2.5 

Leaching 
temperature 

C1 

℃ 

60.0 
C2 70.0 
C3 80.0 
C4 90.0 
C5 100.0 

Leaching time 

D1 

hr 

1.0 
D2 2.0 
D3 3.0 
D4 4.0 
D5 5.0 

 
Through this approach, both production yield and 
adsorption capacity were selected as key performance 
indicators of the screening.  
 
2.4. Calcium silicate synthesis  

For production yield, a typical calcium silicate synthesis 
was conducted, following a similar method to a previous 
study [20]. Specifically, 4.4 g of RHA was refluxed with 100 
mL of 0.5 M NaOH solution at 100 ℃ with 200 rpm speed 
for 2 hr. The mixture was then filtered to separate silicate 
(SiO32-) leachate from the RHA residual. The leachate 
obtained was then reacted with a calcium precursor, 70 mL 
of 1.0 M calcium nitrate, Ca(NO3)2 solution at 95 ℃ for 1 hr 
with continuous stirring under reflux. The precipitates 
formed were filtered and washed with distilled water 
before being dried at 100 ℃ overnight. The white 
precipitate obtained upon drying was the extracted 
calcium silicate. The steps were repeated for all synthesis 
parameters, following their defined operational ranges, 

using the OFAT principle and labelled as summarised in 
Table 1. The production yield of all calcium silicates 
obtained was then calculated using equation (1): 

Production yield =  
𝑚𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 × 100 %                                 (1)                                                                                                                                

Where mextraction refers to the mass of calcium silicate 
obtained after drying, and minitial refers to the initial amount 
of RHA used in silicate extraction. 

2.5. Batch adsorption setup 

The adsorption capacity data were collected through LA 
batch adsorption. The 50 mmol/L of LA stock solution was 
first prepared by dissolving 10.02 g of LA in isooctane, and 
the solution was made up to 1 L using a volumetric flask. In 
a subsequent adsorption setup, 0.2 g of calcium silicate was 
added to 50 mL of 50 mmol/L LA solution that was filled in 
the conical flask. The flask of LA with the calcium silicate 
mixture was then placed on the orbital shaker at room 
temperature and allowed to shake for 10 min at 200 rpm. 
After the adsorption was ended, 1.5 mL of the sample 
mixture was taken out using a pipette and transferred into 
a 1.5 mL mini centrifuge tube for further separation using 
the microcentrifuge for 1 min at 10,000 rpm. After the 
mixture had successfully separated from the used 
adsorbent, 1000 μL of the solution was taken out using a 
micropipette and put into a 1.5 mL GC vial for gas 
chromatography-flame ionisation detector (GC-FID) 
analysis. These steps were repeated throughout all 
synthesised calcium silicates, and all experiments were run 
in triplicate. 

2.4. Gas chromatography-flame ionisation detector 
(GC-FID) analysis setup 

The GC-FID analysis was conducted using Agilent 
Technologies 7890B. The remaining LA separation from 
isooctane was attained using a non-polar column coated 
with 5 % phenyl-methyl polysiloxane, an Agilent HP-5 
column (30 m × 0.25 μm × 0.25 μm). The initial oven 
temperature was set at 60 ℃ and increased to 325 ℃ with 
a 10 ℃ per min ramping rate and held for 5 min. The front 
detector and injector temperatures were fixed at 300 ℃ 

and 250 ℃, respectively. Meanwhile, for both sample 
injection and detection configuration, the LA sample was 
auto-injected via split-spitless (SSL) injector with a 20-split 
ratio and 80 mL per minute split flow. Helium (99.9995% 
purity) was used as the carrier gas in the system. 
Meanwhile, the FID was operated with synthetic air 
(99.999% purity) as an oxidiser to complete the 
combustion, hydrogen gas (99.9992% purity) as fuel and 
nitrogen gas (99.9995% purity) as the makeup gas to 
ensure a constant flow rate to the detector. The GC-FID 
results were then used to further observe and compare the 
adsorption capacities of LA achieved by all calcium 
silicates. The adsorption capacity was calculated using 
equation (2): 
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Qt = 
(Ci−Ct)V

W
                                                                                      (2)    

Where Qt refers to the adsorption capacity (mmol/g), Ci 
refers to the LA acid initial concentration (mmol/L), Ct 

refers to the LA concentration in the solution at time t 
(mmol/L), V refers to the volume of LA sample used (L), 
and W refers to the adsorbent weight used (g/L).  

2.7. Setup of AHP model for factor screening 

All experimental data obtained from OFAT analysis were 
integrated into the AHP model. The AHP method was 
employed to prioritise and identify the key parameters for 
calcium silicate synthesis [21]. The method began with the 
hierarchical model structuring, which served as the core 
for evaluating the importance of various factors in 
achieving the main goal: prioritising synthesis conditions 
to synthesise calcium silicate. Subsequently, Saaty’s 1 – 9 
scale was used to determine the importance of selected 
criteria: adsorption capacity, Qt, and production yield of 
calcium silicate. The relative importance scale decision was 
then used in establishing pairwise comparison matrices.  

Following this, the consistency judgment of such an 
assessment was verified through the consistency ratio, CR. 
Once it was successfully verified, the overall priorities of 
potential alternatives that include sodium hydroxide and 
calcium nitrate concentrations, leaching temperature and 
time were calculated and analysed. Therefore, the failure of 
these assessments to meet the acceptable consistency 
would require the pairwise comparison matrices to be re-
evaluated accordingly. The outcomes from AHP were then 
subsequently used as the guidance in further optimising 
the calcium silicate synthesis as an adsorbent. The 
flowchart of the overall steps involved is shown in Figure 
1. 

2.7.1. Problem identification and hierarchy structuring 

The first step of the AHP method started with the main 
problem or goal of process determination, which involved 
a deep analysis towards potential key factors. Such a 
framework was connected through the tree-like structure 
of the hierarchy model development, as shown in Figure 2.  

The hierarchy model structure was divided into three 
different levels that consist of the goal, criteria and 
alternatives. The first layer (yellow-highlighted) 
represented the goal, i.e., prioritising a range of synthesis 
conditions for calcium silicate, while the second layer 
(purple-highlighted) represented the criteria layer, which 
includes the indicators for synthesised calcium silicate, i.e., 
adsorption capacity, Qt (mmol/g) and production yield 
(g/g RHA). The model is supported by the alternative layer 
(green-highlighted), in which all significant synthesis 
parameters, including NaOH concentration (0.5 – 2.5 M), 
precursor (calcium nitrate, Ca(NO3)2) concentration (0.5 – 
2.5 M), leaching temperature (60 – 100 ℃), and leaching 
time (1 – 5 hr).  

 

Figure 1. Flowchart of the overall steps involved in AHP 

 

 

Figure 2. The hierarchical model developed in this study 
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2.7.3. Importance rating based on Saaty’s scale 

Saaty’s 1–9 scales were applied in determining the 
importance level of adsorption capacity and production 
yield in achieving the primary goals of the process. The 
main values of the scale, which include 1 (equally 
important), 3 (moderately important), 5 (strongly 
important), 7 (moderately important), and 9 (extremely 
important), respectively, as each criterion is compared to 
the others [22]. Meanwhile, the intermediate values (2, 4, 
6, 8) were used as the compromise judgment required 
between each criterion, and the reciprocal value (1/p) was 
used for the inverse comparison. 

2.7.4. Pairwise comparison 

The pairwise comparison was conducted after the 
importance level of each criterion had been identified. The 
comparison was done through the 2 × 2 matrices method, 
as tabulated in Table 2, with both selected criteria. Both 
the adsorption capacity and the production yield were 
compared with each row to the other column. In this study, 
the adsorption capacity, Qt, was fixed to be three times 
more important than production yield, as this 
prioritisation highlighted the crucial role of higher 
adsorption capacity efficiency in LA removal. The 
weightage of the adsorption capacity, Qt, and the 
production yield were calculated through the eigenvector 
approximation approach using equation (3): 

Wj = 
1

𝑛
∑

𝑎𝑖𝑗

∑ 𝑎𝑗

𝑛
𝑗=1                                                                                  (3) 

Where wj refers to the weightage of adsorption capacity 
and production yield, n refers to the number of criteria, aij 
refers to the element from the pairwise comparison 
matrices that compares the adsorption capacity and 
production yield/synthesis parameters row, i, to the 
adsorption capacity and production yield/synthesis 
parameters column. 

Table 2. AHP pairwise comparison matrices table 

Criteria X1: Adsorption 
Capacity 

X2: Production 
Yield 

X1 1 3 

X2 1/3 1 
 

2.7.5. Pairwise normalisation 

The consistency of scales used in previous pairwise 
comparisons of adsorption capacity and production yield 
was then validated through the pairwise normalisation 
method [13]. The pairwise normalisation was calculated 
using equation (4): 

Bij =
aij

∑ aij
n
i=1

                                                                                     (4) 

Where Bij refers to the normalised value of that cell. 

2.7.6. Consistency judgement 

The consistency judgement was conducted to reveal the 
consistency and efficiency of the selected scale of both 
adsorption capacity and production yield after undergoing 
multiple pairwise comparisons. It was elucidated using the 
final value of consistency ratio, CR, in which a value below 
10 % (CR < 0.1) indicated consistent comparisons and was 
acceptable for further processing [23]. Otherwise, the 
comparison was inconsistent, and the previous decision 
needed to be reviewed for the cause finding and corrective 
action [14]. CI and CR can be calculated using equations (5) 
and (6): 

Consistency index, CI = 
λmax− n

n−1
                                                  (5) 

Consistency ratio, CR = 
CI

RI
                                                            (6) 

Where 𝜆max represents the average values obtained by 
dividing the elements of all priorities matrix by the 
priorities vector, and RI refers to the random index that 
was determined according to the number of criteria.                                                                                                            

2.7.7. Benefit/Cost Criteria-based normalisation 

The benefit/cost criteria (BBC)-based normalisation was 
conducted as the final step in ensuring the adsorption 
capacity and production yield have correctly and fairly 
contributed to the final ranking of each synthesis 
parameter of calcium silicate [24]. For a BBC-based 
normalisation method, the higher values obtained for both 
adsorption capacity and production yield were crucial [25]. 
With the use of experimental data of both production yield 
and adsorption capacity, BCC-based normalisation can be 
calculated using equation (7): 

rij = 
Max(xij)

∑ (xij)m
i=1

                                                                                      (7)                                                                  

Where rij refers to the rating value of normalised 
performance, Max(xij) refers to the maximum data value of 
synthesis parameters used, xij refers to the experimental 
data value of synthesis parameters used, i with respect to 
the production yield and adsorption capacity, j.  

2.7.8. Final decision derivation 

In the last step, the final ranking of each synthesis 
parameter with its respective operational range was 
determined using the preference weightage, wj, which 
served as the basis of the process, and the normalised 
performance rating, rij. The best synthesis parameter and 
its operational range were decided according to the high 
values obtained [12]. The calculation can be done using 
equation (8). 
 
Vi = ∑ wjrij

n
j=1                                                                                   (8) 
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Where Vi refers to the rank of each synthesis parameter of 
calcium silicate.    

3. RESULTS AND DISCUSSION  

3.1. Effect of leaching agent concentration 

As different NaOH concentrations were used in the 
synthesis, two different trends were observed for the 
production yield and the adsorption capacity, as shown in 
Figure 3. According to Figure 3, the production yield of 
calcium silicates increased from 35.95 ± 0.05 % to 48.55 ± 
0.03 %, then to 58.77 ± 0.10 %, 68.94 ± 0.43 % and 83.48 ± 
2.05 %, when the NaOH concentration was increased from 
A1 (0.5 M) to A5 (2.5 M). Such an upward trend was 
attributed to the change in silica solubility at different 
concentrations. Higher NaOH concentration increased the 
solubility of the silica, allowing more sodium silicate 
leachate to be formed with a higher silicate anion ratio [26]. 
Consequently, improving the reactivity between the 
silicate and the calcium cations (Ca2+) increased the 
precipitate yield at the end of the reaction [27].

 

Figure 3. Production yield and LA adsorption capacity, Qt, of 
calcium silicates using different NaOH concentrations at 100 ℃ 

for 3 hr, and 1.0 M Ca(NO3)2 at 95 ℃ for 1 hr. 

Interestingly, the LA adsorption capacity revealed a 
different trend. The LA adsorption capacity increased from 
8.2292 ± 0.25 mmol/g to 11.3927 ± 0.02 mmol/g when 1.0 
M NaOH (A2) was used instead of 0.5 M (A1). At 1.5 M 
NaOH (A3), the LA adsorption capacity decreased slightly 
to 11.2126 ± 0.01 mmol/g before reaching the highest LA 
adsorption capacity of 11.6415 ± 0.43 mmol/g, revealed at 
2.0 M NaOH (A4). The LA adsorption capacity drastically 
reduced to 10.4704 ± 0.45 mmol/g when the NaOH 
concentration was further increased to 2.5 M (A5). As 
previously described, higher NaOH concentrations could 
extract higher sodium silicate, allowing the enhancement 
of longer silicate chains that provided more binding sites 
for Ca2+ [15]. On the other hand, an aqueous environment 
would influence the deprotonation of LA molecules to form 
carboxylate ions, which then would exhibit their 
interaction with Ca2+ cations through electrostatic 
attraction [28].  

Thus, it was understood that while a constant weight of the 
calcium silicates was used throughout the experiments, 
different NaOH concentrations would lead to structural 
differences. The higher NaOH concentration was expected 
to extend the silicate chain, providing more available sites 
for Ca2+ cation incorporation. Such conditions could 
enhance the attraction of carboxylate anions from LA 
molecules, increasing the adsorption capacity. However, 
the trend observed in Figure 3 also hinted at a limitation at 
the highest NaOH concentration. The extremely high 
concentration potentially formed an excessive amount of 
sodium silicate, which then would act as a binding agent 
along the calcium silicate chain, disrupting the calcium 
silicate formation [29]. Thus, it potentially hindered the 
interaction between the Ca2+ cation and LA molecules, 
ultimately reducing the adsorption rate. 

3.2. Effect of precursor concentration 

As the second parameter, the precursor concentration used 
at the precipitation stage was hypothesised to significantly 
affect the production yield and adsorption performance of 
the calcium silicates. Such a hypothesis was tested with the 
trends illustrated in Figure 4. 

 

Figure 4. Production yield and LA adsorption capacity, Qt, of 
calcium silicates using 0.5 M NaOH concentration at 100 ℃ for 3 

hr, with different Ca(NO3)2 concentrations at 95 ℃ for 1 hr. 

According to Figure 4, the production yield of calcium 
silicates increased from 46.77 ± 0.15 % to 56.13 ± 3.36 %, 
followed by 58.77 ± 0.01 % to 66.67 ± 0.24 %, as the 
Ca(NO3)2 was increased from B1 (0.5 M) to B4 (2.0 M), 
respectively. Interestingly, such an increment stopped at 
B4, as the production yield at B5 (2.5 M) reduced to only 
61.30 ± 0.11 %. The observed trend could be attributed to 
the supersaturation phenomenon. The rate of particle 
nucleation and crystal formation enhancement within 
porous media was significantly influenced by a higher 
supersaturation of salt solution [30]. Therefore, at higher 
Ca(NO3)2 concentrations, higher Ca2+ cation concentrations 
were introduced to the sodium silicate solution, thus 
increasing the supersaturation level of calcium silicate. As 
the supersaturation level of the solution increased, the 
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nucleation rate of the solution increased, resulting in more 
calcium silicate precipitation.  

Besides that, the cross-linking phenomenon could have 
occurred in this study, too. It was reported that the 
appearance of higher metal cation concentration within the 
silicate structure would encourage the cross-linking 
between the silicate chains, thus hindering the growth of 
silicate chains [29]. In fact, this study showed that a higher 
Ca2+ cation concentration would allow a more branched 
and interconnected silicate network, resulting in lower 
precipitate formation with a densely packed structure and 
limited pore size [31]. Such an elucidation justified the 
observed trend as the concentrations were increased from 
B1 to B5.  

A fluctuating trend for the LA adsorption capacity was 
reported when different precursor concentrations were 
used. Initially, the LA adsorption capacities increased as the 
concentration of Ca(NO3)2 was increased from B1 (8.5164 
± 0.13 mmol/g) to B2 (9.5689 ± 0.19 mmol/g) and B3 
(11.3809 ± 0.30 mmol/g). The adsorption capacity then 
declined to 10.2429 ± 0.25 mmol/g at B4 before bouncing 
back to 11.0114 ± 0.17 mmol/g at B5. Nevertheless, the 
final increment was lower than the adsorption capacity 
obtained at B3. As mentioned in Section 3.1, at lower 
precursor concentrations, sodium silicate would be a 
limiting factor, allowing most of the introduced Ca2+ to 
bind to silicate structures, thereby forming effective 
binding sites for the uptake of the LA molecule. Meanwhile, 
as the precursor increased, the grain formation and 
layering structure might potentially form, as it has been 
reported to reduce the overall surface area of the 
synthesised calcium silicates [32]. Hence, it would limit the 
LA molecules' diffusion onto the adsorbent. 

3.3. Effects of leaching temperature 

While the leaching agent concentrations reflected a 
dominant role, Figure 5 reflects a fluctuating trend in 
calcium silicate extraction and performance across the 
leaching temperatures used.   

 

Figure 5. Production yield and LA adsorption capacity, Qt, of 
calcium silicates using 0.5 M NaOH at 100 ℃ for 3 hrs, and 1.0 M 

Ca(NO3)2 with different leaching temperatures for 1 hr. 

The highest production yield, 66.67 ± 0.15 %, was observed 
at the lowest leaching temperature, C1 (60 ℃). As the 
leaching temperatures were increased to C2 (70 ℃) and C3 
(80 ℃), the production yield decreased to 60.27 % ± 0.24 
and 58.09 ± 0.10 %, respectively. The production yield then 
slightly increased to 62.93 ± 0.36 % at C4 (90 ℃) before 
reducing to 55.73 ± 1.82 % at C5 (100 ℃). In elucidating 
such behaviour, it was suggested that the higher 
production yield at C1 was due to rapid silica dissolution. 
The higher silica dissolution has been reported to allow 
more silica to interact with Na+ cations from the NaOH 
solution, ultimately forming sodium silicate [33]. 
Consequently, higher sodium silicate concentration results 
in the formation of silicate monomers to a greater extent, 
favouring cross-linking between the silicate chains at the 
precipitation stage [15].  

Meanwhile, the fluctuating trend of production yield could 
be related to the viscosity of the solution at higher 
temperatures. The higher leaching temperature would 
lower the mass transfer barrier between acid-pretreated 
RHA and the NaOH solution, which promotes the free 
movement of the silica and allows their effective 
interaction with the leaching agent [34]. Besides, higher 
leaching temperatures could also potentially influence the 
kinetic energy of the surrounding molecules, which have 
been reported to weaken the Si-O bond, thus disrupting the 
overall stability of the silicate structure [35]. However, the 
lowest production yield at C5 was attributed to the 
effective condition of silica degradation. At the highest 
leaching temperature, sufficient thermal energy to 
overcome the Si-O-Si bond dissociation energy could have 
been achieved, thereby promoting further silica 
degradation and inhibiting calcium silicate precipitation 
[36]. 

Moving to the LA adsorption capacity, the LA adsorption 
capacity was initially increased with the increased leaching 
temperature, from 9.2283 ± 0.13 mmol/g (C1) to 9.9636 ± 
0.35 mmol/g (C2), 11.1610 ± 0.01 mmol/g (C3) and 
12.5161 ± 0.15 mmol/g (C4), before being reduced to 
10.6476 ± 0.12 mmol/g at C5. It was elucidated that more 
silicate monomers were formed at a lower leaching 
temperature. Thus, more Ca2+ cations would have been 
bonded in calcium silicate structures, providing more 
binding sites for carboxylate ions of LA molecules [37]. 
However, due to limited silica dissolution at higher 
temperatures that would lead to structural disruption, a 
more rigid structure could be formed and reduce the open 
structure, which is crucial in supporting the LA molecules' 
diffusion [38]. 

3.4. Effect of leaching time 

Besides the leaching temperature, Figure 6 revealed that 
the leaching time exhibits a minimal impact on both 
production yield and adsorption capacity of calcium 
silicates. Based on Figure 6, the production yield increased 
from 62.27 ± 0.10 % to 64.48 ± 0.53 %, as the leaching time 
increased from D1 (1 hr) to D2 (2 hr) but decreased to 
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61.19± 0.23 % when the leaching time was prolonged to D3 
(3 hr). The production yield has moderately increased to 
65.29 ± 1.40 % at D4 (4 hr) leaching time before reducing 
to 63.74 ± 0.69 at D5 (5 hr). Theoretically, a longer leaching 
time was required for deeper penetration of NaOH solution 
to allow more silica dissolution and increase sodium 
silicate concentration [26].  

 

Figure 6. Production yield and LA adsorption capacity, Qt, of 
calcium silicates using 0.5 M NaOH at 100 ℃ for 3 hrs, and 1.0 M 

Ca(NO3)2 at 95 ℃ using different leaching times. 

Nevertheless, an interesting result was found in this study, 
which might involve two phases of silica extraction 
throughout the leaching times. At the initial leaching phase 
from D1 (1 hr) to D2 (2 hr), most of the amorphous silica 
from HCl-pretreated RHA could have been dissolved into 
sodium silicate [63]. As the leaching time prolonged, the 
dissolution of amorphous silica might approach the 
saturation state and start to involve crystalline silica, as a 
longer time was required to dissolve its ordered atom 
arrangement [39]. Therefore, the saturation phase could be 
approached with a longer leaching time as the 
concentration gradient of silica between the medium and 
its source had reduced, ultimately limiting the NaOH 
solution’s penetration into HCl-pretreated RHA [40]. 

Similarly, LA adsorption exhibited a similar trend to the 
production yield. The LA adsorption capacity reduced from 
1 hr (11.5374 ± 0.01 mmol/g) to 2 hr (10.6480 ± 0.18 
mmol/g) and 3 hr (10.4862 ± 0.02 mmol/g). The 
adsorption capacity then increased when the leaching time 
was increased to 4 hr (12.0534 ± 0.19 mmol/g) before it 
declined to 11.5115 ± 0.04 mmol/g at a 5 hr leaching time. 
As previously discussed, prolonged leaching time could 
enhance silica dissolution, which allowed a more open 
structure in calcium silicates until saturation limits were 
approached while achieving higher uptake of LA molecules. 

3.5. Priority screening using the AHP method 

Table 3 shows the priority ranks of synthesis parameters 
determined using the OFAT experimental data that 
integrated with AHP-weighted production yield (0.25) and 
adsorption capacity (0.75). According to Table 3, the 
priority ranking was heavily influenced by the adsorption 

capacity due to its higher weightage (0.75) compared to the 
production yield weightage (0.25). Such a difference 
reflected the selection of adsorption capacity to be three 
times more important than production yield, which is 
consistent with the previous AHP studies, where 
adsorption performance appeared as the main functional 
adsorbent criterion [12]. Throughout this adsorption 
capacity domination, the calcium silicate synthesis 
conditions with higher adsorption capacity could achieve 
higher priority ranks, even with their comparatively 
moderate production yield. Moreover, the AHP rank 
reliability was validated through the CR value (0.001), in 
which a value below 0.1 indicates that the pairwise 
comparison matrix was consistent and the analysis was 
reliable [21]. Throughout these trends, it could be seen that 
calcium silicate produced using the higher NaOH and 
Ca(NO3)2 concentrations and leaching temperatures were 
ranked with the highest priority. Meanwhile, the priority 
rank of the leaching time factor shows a fluctuating trend.  

Table 3. Summary of priorities in selecting the most 
influential range of synthesis conditions of calcium silicate 

Synthesis 
parameter 

Weightage 

Priority 

0.2500 0.7500 

Production 
yield 
(%) 

Adsorption 
capacity 

(mmol/g) 

A1 35.9520 8.2292 0.6378 
A2 48.5500 11.3927 0.8794 
A3 58.7740 11.2126 0.8984 
A4 68.9350 11.6415 0.9564 
A5 83.4800 10.4704 0.9246 
B1 46.7740 8.5164 0.7366 
B2 56.1330 9.5689 0.8411 
B3 58.7740 11.3809 0.9704 
B4 66.6670 10.2429 0.9250 
B5 61.3020 11.0114 0.9555 
C1 66.6670 9.2284 0.8030 
C2 60.2660 9.9636 0.8230 
C3 58.0880 11.1610 0.8866 
C4 62.9320 12.5161 0.9860 
C5 55.7300 10.6476 0.8470 
D1 62.2670 11.5374 0.9563 
D2 64.4830 10.6480 0.9094 
D3 61.1900 10.4862 0.8868 
D4 65.2920 12.0534 1.0000 
D5 63.7420 11.5115 0.9603 

Note: A: NaOH concentration (0.5 – 2.5 M); B: Ca(NO3)2 concentration (0.5 – 
2.5 M); C: Leaching temperature (60 – 100 ℃); D: Leaching time (1 – 5 hr). 

Specifically, the priority rank of NaOH concentration 
factors shows 1.5 M (A3) to 2.5 M (A5) as the most 
influential range, with 58.77 to 83.48 % of production yield 
and 10.47 to 11.64 mmol/g of adsorption capacity. It 
suggests that the ideal NaOH concentration range to leach 
out the silica into soluble sodium silicate lies within 1.5 to 
2.5 M. Similarly, Ca(NO3)2 concentration also reflects a 



International Journal of Nanoelectronics and Materials (IJNeaM) 

Volume 19, No. 3, July 2026 [573-582] 

581 

 

similar trend with 58.77 to 66.68 % of production yield and 
10.24 to 11.38 mmol/g of adsorption capacity. 

This suggests that the Ca2+ cations obtained within 1.5 M 
(B3) to 2.5 M (B5) of Ca(NO3)2 concentration would 
effectively interact with the silicate monomer of sodium 
silicate in producing calcium silicate with enhanced 
adsorptive capabilities. On the other hand, the priority rank 
revealed that the ideal leaching temperatures lie within 80 
℃ (C3) and 100 ℃ (C5) with 55.73 to 62.93 % production 
yield and 10.65 to 12.52 mmol/g adsorption capacity. Such 
a range could potentially influence the development of a 
longer silicate chain through the higher silica dissolution 
[33].  

However, the leaching time factor reflects a different trend, 
as the higher priority rank was included at 1 hr (D1), 4 hr 
(D4) and 5 hr (D5), with 62.27– 65.29 % of production yield 
and 11.51 to 12.05 mmol/g adsorption capacity. Such a 
trend reflected an ideal time range for the dissolution of 
amorphous silica, which could be achieved in the first hour 
[40]. Once the saturation phase of amorphous silica 
dissolution was reached, the dissolution of available 
crystalline silica would take place over a prolonged time 
[32, 33]. Overall, Table 3 shows that a higher range of 
reagent concentration and temperature could bring major 
changes in both production yield and adsorption capacity.  

4. CONCLUSION 

This study has integrated OFAT with AHP as a preliminary 
screening method in prioritised synthesis parameters of 
calcium silicate. The results show NaOH concentration (1.5 
– 2.5 M), Ca(NO3)2 concentration (1.5 – 2.5 M) and leaching 
temperature (80 – 100 ℃) as the most influential synthesis 
parameters, together with their respective operational 
ranges. Within these prioritised conditions, the calcium 
silicate production could achieve rates of 58.09 to 83.48%, 
with an adsorption capacity of 10.24 to 12.52 mmol/g. 
Therefore, these findings provide a useful basis towards 
further optimisation and support the production of high-
performing calcium silicate for real waste frying oil 
utilisation as biodiesel feedstock.  
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