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A B S T R A C T   

Driven by the urgent need for a solution to tackle the surge of rice husk (RH) and waste frying oil 
(WFO) waste accumulation at a global scale, this report highlights the use of calcium silicates (CS) 
extracted from acid-pre-treated rice husk ash (RHA) for free fatty acid (FFA) removal from WFO 
as conventional RHA shows limited FFA adsorption performance. A novel alkaline earth silicate 
extraction method from acid-pre-treated RHA was outlined. The structural and behavioural at
tributes of the synthesised CS were identified through BET, SEM-EDS, and XRD analyses and 
compared to those of RHA. Notable morphology and structural modification were determined, 
including reducing specific surface areas, mitigating from amorphous to crystalline structure with 
regular geometric forms, and detecting Si–O–Ca functional groups exclusive to CS adsorbents. A 
comparison study showed superior lauric acid (LA) adsorption performance by CS absorbents 
over acid-pre-treated RHA, with a significant increase from 0.0831 ± 0.0004 mmol LA/g to 
2.5808 ± 0.0011 mmol LA/g after 60 min. Recognised as the best-performing CS adsorbent, CS- 
1.0 was used for further investigations on the effect of dosage, LA concentration, and temperature 
for efficient LA adsorption, with up to 100% LA removal and 5.6712 ± 0.0016 mmol LA/g 
adsorption capacity. The adsorption isotherm and kinetic studies showed LA adsorption onto CS- 
1.0 followed Freundlich isotherm with KF = 0.0598 mmol(1-1/n) L(1/n) g− 1 & Qe,cal = 3.1696 mmol 
g− 1 and intraparticle diffusion model with kid = 0.1250 mmol g− 1 min0.5 & Ci = 0.9625 mmol 
g− 1, indicating rapid initial adsorption and involvement of carboxylate end of LA and the calcium 
ions on the CS-1.0 in the rate-limiting step. The high equilibrium adsorption capacity and LA 
adsorption rate indicated that the proposed CS-1.0 adsorbent has excellent potential to recover 
FFA from WFO effectively.   
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1. Introduction 

The multifaceted properties of rice husk (RH) have garnered substantial research attention in recent years, positioning it as a 
versatile resource for diverse applications. RH, a by-product of paddy grain milling, exhibits a composition rich in hemicellulose 
(14.04–29.3 %), cellulose (28.6–41.52 %), and lignin (12.84–33.67 %) [1]. The surge in rice production due to global population 
growth intensifies RH waste accumulation, necessitating effective waste management strategies. Leveraging its sustainability and 
cost-effectiveness, RH finds second-life applications in renewable energy storage, soil enhancement, and beyond [2,3]. 

A significant subset of research has also concentrated on rice husk ash (RHA), a by-product obtained through RH calcination [3]. 
RH and RHA notably display exceptional adsorption capabilities attributed to their porous structures [4,5]. However, their adsorption 
performances differ due to varying composition and silica contents, which are significantly influenced by calcination parameters and 
the composition of RH itself [6]. RHA’s exceptional adsorption potential has been harnessed for various pollutants in wastewater, 
including heavy metals and dyes. Additionally, RHA’s efficacy in adsorbing free fatty acids (FFAs) from waste frying oil (WFO) has 
emerged as a promising solution for a challenging environmental issue stemming from its ecotoxic nature and potential to contaminate 
soil and water sources [7]. 

While most attention has centred on optimising adsorption methodologies using RH and RHA in tackling the aforementioned 
challenge, in this study, the augmentation of adsorption efficiency through the extraction of alkaline earth silicates from acid-pre- 
treated RHA is delved, with a specific focus on enhancing the removal of FFAs from WFO as literature reports indicated rooms for 
improvement [7,8]. Subjecting to either inorganic or organic acids such as acetic acid (CH3COOH), sulfuric acid (H2SO4), and hy
drochloric acid (HCl) before combustion, conventional acid pre-treatment of RH initiates hydrolysis and decomposition of organic 
components, along with leaching of soluble metal impurities such as magnesium (Mg) and manganese (Mn) [9,10]. The treatment 
increases silica purity post-calcination, resulting in a higher specific surface area by enlarging the existing pores and creating new ones, 
thereby enhancing accessible adsorption sites on the RHA surface [11]. 

However, acid-pre-treated RHA showed low FFA adsorption performance, attributed to the simultaneous oxidation and hydro
lysation reactions during heating of the WFO catalysed by the minimal acid residue in the acids-pre-treated RHA [12]. This study 
explores the extraction and application of purified silicate extracted from RH using the novel alkaline earth precipitation method to 
achieve enhanced FFA adsorption. The resulting alkaline earth metal silicate precipitate could yield highly purified silicates that 
greatly benefit the study’s adsorption. This study narrows its focus on calcium silicate derived from HCl pre-treated RH for enhanced 
adsorption of LA (one of the FFA constituents of WFO), owing to the limited attention paid to calcium silicate and its efficacy in FFA 
removal from WFO. 

By exploring the structural attributes of calcium silicate and its adsorptive behaviours, this study aims to provide insights into its 
potential for efficient FFA adsorption, contributing to the advancement of sustainable wastewater treatment methodologies. Besides, 
understanding the adsorption kinetics and equilibrium is essential for adsorber design and commercialisation. Thus, various kinetic 
models (pseudo-first-order, pseudo-second-order, Elovich equation, intra-particle diffusion) were proposed and applied to determine 
LA’s adsorption rate and mechanism onto calcium silicate. Langmuir, Freundlich, and Temkin adsorption isotherms were also 
employed to predict the maximum adsorption capacities and elucidate the nature of the studied adsorption, providing complimentary 
yet crucial information for further industrial application and commercialisation. 

2. Materials and methods 

2.1. Chemicals and materials 

RH was sourced from Dibuk Sdn. Bhd., Kangar, Perlis. Calcium hydroxide, Ca(OH)2 (EMSURE® ACS, ≥95% purity), sodium hy
droxide, NaOH (EMSURE® ACS, ≥97% purity), hydrochloric acid, HCl (EMSURE® ACS, 37% purity), isooctane, (CH3)3CCH2CH 
(CH3)2 (EMSURE® ACS, ≥99% purity), isopropyl alcohol, IPA (EMSURE® ACS, ≥99.9% purity) were purchased from Biotek Abadi 
(Butterworth, Penang, Malaysia). Lauric acid, C12H24O2 (A.R. ≥ 98% purity), potassium bromide, KBr (A.R., ≥99.5% purity), and 
phenolphthalein, C20H14O4 (RMstain, 1% alcoholic solution), were purchased from Kumpulan Saintifik F.E. Sdn. Bhd. (KSFE) (Petaling 
Jaya, Selangor, Malaysia). All chemicals and materials were used without further purification unless otherwise mentioned. 

2.2. Pre-treatment of RH 

The acid pre-treatment of the fresh RH was done using an HCl solution, as described in the literature [13]. 10 g of RH was refluxed 
at 50 ◦C in 50 mL of 3 M HCl for 3 h before being filtered and washed with distilled water until the pH of the effluent remained 
unchanged. The washed RH was dried in the oven at 100 ◦C for 12 h before being combusted at 500 ◦C for 2 h (ramping rate 10 ◦C/min) 
using a Thermo Scientific Moldatherm™ Box Furnaces. The burnt black powder obtained after the calcination process was termed 
RHA. 

2.3. Synthesis of calcium silicates 

RHA was ground and sieved to particle sizes below 100 μm using a mortar. Then, at 100 ◦C, 4.4g of RHA were refluxed with 100 mL 
of 15% NaOH solution under stirring for 120 min at 300 rpm. The mixture was then filtered to extract the SiO3

2− leachate. The leachate 
was reacted with 70 mL of Ca(OH)2 solution at 95 ◦C for 1 h with continuous stirring under reflux. The precipitate was filtered and 
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washed with deionised water before oven-drying at 100 ◦C for 12 h to obtain calcium silicate. The calcium silicate produced using 0.5 
M Ca(OH)2 solution was labelled as CS-0.5, while those synthesised using 1.0 M Ca(OH)2 and 1.5 M Ca(OH)2 solutions were termed CS- 
1.0 and CS-1.5, respectively. 

2.4. Material characterisations 

Brunauer-Emmett-Teller (BET) surface analysis was applied to observe the specific surface areas and porosimetry of both HCl pre- 
treated RHA and calcium silicates using an automatic surface area analyzer (ASAP 2020, Micromeritics, USA). All samples were 
degassed for 2 h under vacuum at 200 ◦C before performing the analysis at 77 K. The detection of functional groups was done via the 
KBR method using PerkinElmer Fourier transform infrared spectroscopy (FTIR) (Waltham, USA). KBr and the samples were dried at 
110 ◦C for 12 h before 3 mg of samples were mixed and ground with 30 mg of KBr to form a pellet for subsequent measurements [14]. 
The pellet was scanned between 4000 and 400 cm− 1 with ten scans and 4 cm− 1 resolution. The surface morphology and composition of 
the samples were investigated using a scanning electron microscope coupled with energy-dispersive X-ray (SEM-EDX, JEOL, 
JSM-6460LA, Japan). All samples were deposited on a sample holder with a double-sided conducting carbon tape and coated with gold 
to improve the surface conductivity before performing the analysis using a 10 kV accelerating electron beam [15]. X-ray diffraction 
analysis (XRD, D2 Phaser, Bruker, US) was used to reveal the main crystalline phases of the samples, performed using Cu Kα radiation 
(λ = 1.5406 Å) at 40 kV and 45 mA, with a diffraction angle between 10 and 90◦ and a scanning rate of 0.5◦/min [15]. Thermog
ravimetry analysis (TGA 7 Thermogravimetric Analyzer, PerkinElmer, USA) was done to identify the thermal stability and investigate 
the characteristic decomposition patterns of the studied materials. All materials were purged with nitrogen gas and heated from 30 to 
900 ◦C at a ramping rate of 10 ◦C/min. 

2.5. FFA stock solution preparation and IPA neutralisation 

LA was used as the stock FFA throughout this study. To prepare 100 mmol/L of LA stock solution, 20.03 g of LA was dissolved in 1 L 
of isooctane. The solutions with the desired FFA concentrations (10, 20, 30, 40, and 50 mmol/L) were prepared by diluting the stock 
solution using Equation (1): M1V2 = M2V2 where M1 and M2 (mmol/L) represent the concentration of the stock solution and the 
desired solution, respectively, and V1 and V2 (L) denote the volume of the stock solution and the desired solution. 75 mL of IPA and 2 
mL of phenolphthalein were added to a 100 ml conical flask to neutralise the IPA. Using the incipient boiling method, the mixture was 
gradually heated under low stirring speed with a hotplate with magnetic stirring until the first bubbles were observed. Once boiled, 0.1 
N NaOH solution was added to the mix dropwise until the colour of the mixture changed from colourless to a faint pink. 

2.6. FFA batch adsorption experiment 

The FFA batch adsorption experiments were carried out in triplicate using a temperature-controlled water bath shaker (WiseBath® 
Shaking Water Bath, Witeg Labortechnik GmbH, Germany). For a typical experiment, 0.6 g of CS-0.5 was added into a 100 mL conical 
flask filled with 50 mL 50 mmol/L FFA solution. A total of 6 sets of conical flasks with the content mentioned above were prepared for 
each batch. The flasks were placed in the water bath shaker and shaken at 180 rpm at 45 ◦C. Each flask was removed from the water 
bath shaker every 10 min. The flask’s content was then vacuum filtered, and 10 mL of the supernatant was immediately pipetted into 
another 100 mL conical flask with 10 ml of neutralised IPA for further analysis. The sample was titrated with 0.1 M NaOH using 
phenolphthalein as an indicator until the colour changed from colourless to pale pink for at least 30 s. The experiment was repeated 
using CS-1.0, CS-1.5, and HCl pre-treated RHA. The adsorption performances for each adsorbent were compared by referring to their 
respective adsorption capacity and FFA percentage removal, calculated using Equation (2): Qt = [(Ci − Ct) V] /W and (3): %FFA =

(Ci − Ct) /ci × 100% respectively, where Qt (mmol/g) represents the adsorption capacity that denotes the amount of LA adsorbed per 
gram of adsorbent; %FFA (%) represents the percentage removal of LA; Ci and Ct (mmol/L) are the FFA concentrations at initial, i and 
time, t, respectively; V (L) as the volume of the FFA solution; and W (g) as the weight of adsorbent used. 

2.7. Error analyses 

To determine and validate the best-fitted model for kinetic and isotherm studies, statistical methods were applied to evaluate the 

fitness of the data, including the correlation coefficient (R2), R2 =

∑
(Qmean − Qcal)

2
∑

(Qcal − Qmean)
2
+
∑

(Qcal − Qexp)
2; normalised standard deviation (ΔQ), Δ 

Q (%) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
[(Q exp − Q cal)/Q exp ]

2

N− 1

√

× 100% and chi-square test (χ2), χ2 =
∑n

i=1
(Qcal − Qexp)

2

Qcal
; Where Qexp is the amount of adsorbate adsorbed 

during the adsorption experiment (mmol/g), Qcal is the amount of adsorbate calculated from the kinetic or isotherm models (mmol/g), 
Qmean is the mean value of the amount of adsorbate adsorbed (mmol/g), and N is the number of data points available. 

3. Results and discussion 

3.1. Material characterisations 

The essential texture characteristics of both HCl pre-treated RHA and CS adsorbents, including the BET surface areas and BJH pore 
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information, are tabulated in Table 1. Meanwhile, Fig. 1 compares the N2 adsorption-desorption isotherms and the hysteresis loops of 
the investigated samples. The notable distinct trends of the N2 adsorption-desorption curves of all tested samples could be observed. 
HCl pre-treated RHA exhibited a combination of type I and IV isotherms with the H2 hysteresis loop [16]. Intriguingly, an earlier onset 
of N2 adsorption for HCl pre-treated RHA indicated a predominantly microporous structure per IUPAC definitions. In contrast, all CS 
adsorbents (Fig. 1 (b – d)) exhibited significant changes in hysteresis loop shape and size, displaying type V isotherms with an H3 loop 
and an absence of a “knee” structure, as depicted in Fig. 1(a) [16]. The adsorption of nitrogen was also observed to increase gradually 
for CS adsorbents up to a higher relative pressure (P/P0 = 0.98) as compared to HCl pre-treated RHA, with CS-1.0 displaying the largest 
hysteresis loop and highest nitrogen adsorption, as shown in Fig. 1(c). On top of that, the CS adsorbents showed loop closures at a 
relatively low relative pressure (P/P0 ~ 0.2–0.3), giving rise to the sigmoid-type isotherms that suggested the occurrence of pore 
swelling during the analysis [17]. Such observation also indicated that all CS adsorbents could be associated with slit-shape pores [18], 
as evidenced by the morphologies in Fig. 3 (c – e). 

On comparing the specific surface areas of CS adsorbents, CS-1.0 stood out with the most significant value at 216.47 m2/g, sur
passing CS-0.5 (19.69 m2/g) and CS-1.5 (20.55 m2/g). Such an observation could be attributed to structural alterations induced by the 
precipitation method [19]. Beyond the specific surface area, disparities existed in micropore and external surface areas between HCl 
pre-treated RHA and CS adsorbents. While HCl pre-treated RHA displayed a notable micropore surface area, CS adsorbents exhibited 
significant external surface areas. The formation of CS-1.0 involved the precipitation of extracted silicate with 1.0 M Ca(OH)2, 
potentially blocking pores and aggregating on the surface [20]. The phenomenon generated extensive external structures with larger 
pore volumes, offering additional adsorption sites favourable for the LA molecules. At elevated Ca(OH)2 concentration (1.5 M), the 
formation of impurities hampered the desired structure, leading to a reduced specific surface area, as observed in CS-1.5. The 
excessively introduced Ca(OH)2 could potentially limit the adsorption due to the formation of a composite of calcium silicate and Ca 
(OH)2, hence reducing the specific surface area of the resulting calcium silicate [21]. 

The FTIR spectra of HCl pre-treated RHA, CS-0.5, CS-1.0, and CS-1.5 are shown in Fig. 2. The characteristic adsorption peaks 
detected from 449 to 459 cm− 1 indicate symmetric stretching and bending vibrations of Si–O groups, suggesting the presence of these 
groups in all synthesised samples [22]. The bands around 802–825 cm− 1 corresponded to the stretching modes of O–Si–O bonds, 
attributing to the backbone silicate structure [23]. Interestingly, these bands were more intense in the HCl pre-treated RHA and 
decreased as Ca(OH)2 concentrations in CS adsorbents increased. This shift is mainly attributed to the variation in the number of 
(SiO)3SiOH, or “Q3” silicon, the silicon element connected with three bridging oxygen atoms, thus influencing non-bridging oxygen 
atoms and calcium ion interactions [24,25]. Such variation implies a cross-linking between neighbouring O–Si–O sheets among the CS 
adsorbents, suggesting the reconstruction of the silicate arrays due to the addition of calcium ions. 

Interestingly, the Si–O–Ca functional groups were detected at 971, 962, and 953 cm− 3, exclusive to the CS adsorbents, mainly due 
to the addition of calcium during silicate extraction. Moreover, the peak at 972 cm− 1 ascribed to the paired Si–OH group experienced a 
drastic decrease in intensity for all CS-adsorbents, further suggesting the progressive formation of the Si–O–Ca functional group [26]. 
These observations and the XRD results in Fig. 4(b) further supported the notion of a chain-silicate crystalline structure modified by 
Ca2+ [27]. The red shiftings of these bands were observed with increasing Ca(OH)2 concentration, signifying a more significant 
interruption of the original amorphous silica-chain network by Ca2+, leading to increased crystallinity and reduced surface area, as 
supported by the XRD and BET surface analyses results [28]. The bands at 3452, 3443, and 3422 cm− 1 indicated the O–H bending 
vibration associated with hydroxyl groups and absorbed water. These functional groups confirm the presence of Si–O, H2O, and O–H in 
synthesised adsorbents [29]. 

Fig. 3(a) depicts the morphology of the washed RH, showing well-arranged micro-bump structures. The non-porous structure was 
attributed to constituents in the RH, like lignin, hemicelluloses, and wax [30]. Fig. 3(b) shows that the transformation to a corn cob 
structure with loosely aggregated flake layers devoid of the micro-bump structures was linked to removing organic materials during 
acid pre-treatment, forming a porous structure [31]. Fig. 3(c), (d), and (e) illustrate the morphological changes of the CS adsorbents 
post-extraction. The CS adsorbents exhibited a crystalline structure characterised by regular geometric forms. At higher Ca2+ con
centrations, CS adsorbents crumbled into smaller particles due to the formation of a gel-like structure induced by the presence of Ca2+

ions during the extraction process [32] before aggregating into reduced particle sizes due to the electrostatic interactions between 
silica and Ca2+ [33,34]. Differences in morphology were notable among CS samples, with CS-1.0 exhibiting greater porosity. This 
phenomenon could be attributed to reduced silicate chain length and interlayer spacing at increased Ca(OH)2 concentration [24]. 
Additionally, a more significant proportion of foil-like sheet structures, layered side-to-side or edge-to-edge, on the surface of CS-1.0 
suggested more open pores and adsorption sites, in line with its larger specific surface area [29]. 

The elemental composition analysis (Table 2) revealed insights into the composition changes of the synthesised materials. After the 

Table 1 
Surface analysis of HCl pre-treated RHA, CS-0.5, CS-1.0, and CS-1.5  

Samples SBET (m2/g) SMicro (m2/g) SEx (m2/g) VT (cm3/g) VMicro (cm3/g) DP (Å) 

HCl Pre-treated RHA 238.64 177.84 60.79 0.1379 0.02489 54.17 
CS-0.5 19.69 2.09 17.60 0.0910 0.10000 205.37 
CS-1.0 216.47 21.97 194.50 0.6648 0.74000 105.83 
CS-1.5 20.55 1.95 18.60 0.0939 0.11000 202.50 

SBET: BET specific surface area; SMicro: t-plot micropore surface area; SEx: t-plot external surface area; VT: Total pore volume; Vmicro: Micropore volume; 
Dp: BJH desorption average pore diameter. 
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HCl pre-treatment, oxygen content in RHA decreased significantly from 56.08% to 23.26%, indicating the successful removal of 
cellulose due to substantial acid leaching [35]. Surprisingly, the silica content decreased, and the carbon content increased after HCl 
pre-treatment of RHA. Such a phenomenon might be attributed to an inefficient combustion period during which higher combustion 
rates increased carbon content. On the other hand, the CS adsorbents contained predominantly oxygen, silicon, and calcium elements, 
as expected. Such lower silica content among the CS adsorbents compared to HCl pre-treated RHA could be elucidated as the influence 
of pH during the extraction process, leading to decreased silica activity and the elimination of bridging tetrahedra in the silicate chain 
[34]. Calcium content in CS adsorbents increased with higher concentrations of calcium precursor used, indicating an increased ex
change of protons from the silanol group with calcium ions in the interlayer space of calcium silicate during extraction [36]. 

In Fig. 4, the XRD diffractogram showed a broad peak at 2θ = 22◦, indicating the amorphous nature of the silica in HCl-pre-treated 
RHA [31]. The diffractograms in Fig. 4 also displayed well-defined sharp peaks, indicating the crystalline nature of CS adsorbents [37]. 
For all CS adsorbents, the characteristic peaks were identified with reference to International Centre for Diffraction Data (JCPDS) no. 
00-044-1481 (Ca(OH)2), JCPDS no. 00-014-0693 (CS), and JCPDS no. 00-019-0250 (CS hydrate). The characteristic peaks corre
sponding to Ca(OH)2 were detected in all CS adsorbents, with higher concentrations of residual Ca(OH)2 found in CS-1.5, suggesting 
the limiting binding site of the Ca2+ on the silicate chain due to its higher calcium concentration [23]. The excess Ca(OH)2 residual that 
remained in CS-1.5 was more severe than that of CS-0.5 and CS-1.0. Semicrystalline structure peaks were observed, especially in CS-0.5 
and CS-1.0, corresponding to porous foil-like sheet structures, while CS-1.5 exhibited fewer of these peaks [29]. Optimal synthesis 
conditions were therefore observed for CS-1.0, in which more semicrystalline structures and calcium silicate phases were detected, 
indicating better formation of porous foil-like sheet structures. In summary, XRD analysis confirmed the amorphous nature of silica in 
HCl pre-treated RHA and the successful production of crystalline CS adsorbents with varying degrees of semicrystalline structures. 

The derivative mass loss profiles of RH, HCl pre-treated RHA and CS adsorbents from TGA are shown in Fig. 5. Significant dif
ferences in derivative weight loss can be identified among the tested materials. For ease of discussion, the essential derivative mass loss 
regions are marked as I (30–200 ◦C), II (200–400 ◦C), III (400–470 ◦C), and IV (630–780 ◦C). In Region I, mass losses were observed for 
all materials, corresponding to the release of light volatile compounds and capillary evaporation of water moisture in inner pores with 
thermal time lags [38,39]. The following region can be further separated into two zones, in which the first zone (200–300 ◦C) was 
attributed to the decomposition of cellulose and hemicellulose that is exclusive to RH only, while the second zone (300–400 ◦C) was 
resulted from the active and complete pyrolysis of hemicellulose from RH [39]. This region’s missing derivative mass loss step for 
HCl-pretreated RHA and CS absorbents showed successful removal of cellulose, hemicellulose, and other impurities through acid 
pre-treatment. Next, the minor derivative mass loss in Region III was attributed to the complete pyrolysis of residual cellulose in RH 
[39]. Meanwhile, within Region III, all CS adsorbents experienced weight drops with increased intensity with corresponding calcium 
precursor concentrations (CS-0.5 < CS-1.0 < CS.-1.5). Such weight drop was associated with the dehydroxylation of the residual Ca 

Fig. 1. N2 adsorption-desorption isotherms of (a) HCl pre-treated RHA, (b) CS-0.5, (c) CS-1.0, and (d) CS-1.5.  
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(OH)2 for all CS absorbents [40]. A similar observation could also be identified in Region IV, where the weight drops increased with the 
corresponding calcium precursor concentrations. Attributed to the continuing dehydration of calcium silicates, such an observation is 
in line with the findings from FTIR and XRD analyses and further justifies the presence and successful precipitation of calcium silicates 
in all CS adsorbents [41]. 

3.2. Adsorption performances 

The LA adsorption profiles were investigated as described in Section 2.6. As a baseline to the adsorption profiles, little to no LA 
adsorption throughout the experiment using HCl pre-treated RHA was intriguing. The adsorption capacities were recorded at zero for 
the first 50 min before increasing to 0.0831 ± 0.0004 mmol LA/g at the 60th minute. Despite its porous structure and high BET-specific 
surface area that suggest ample vacant adsorption sites, the low adsorption capacity might be attributed to the lack of suitable LA 
chemisorption sites on the HCl pre-treated RHA that was covered by mostly carbon elements, as shown by the EDS result. The carbon- 
covered silica on HCl pre-treated could not offer relevant adsorption sites to LA that was commonly adsorbed via hydrogen bonds, acid- 
base interaction or chemisorption [42]. 

The initial rapid LA adsorption phase (0–10 min) can be observed for all adsorbents except RHA, which shows little to no LA 
adsorption. Rapid adsorption was attributed to the abundance of vacant adsorption sites available at the initial stages, facilitating 
faster diffusion and adsorption [43,44]. After the first 10 min, the adsorption rates shown by all adsorbents dropped significantly until 
the Qt values remained constant at the end of the experiment (1 h). The drop in rate was attributed to the reduction of the available 
vacant adsorption surface sites and the increased repulsive forces between the solute molecules on the adsorbent surface and the bulk 
phase [45]. Interestingly, the CS adsorbents reached equilibrium at other times: CS-0.5 at 60 min (2.4896 ± 0.0056 mmol LA/g), 
CS-1.0 at 40 min (2.5808 ± 0.0011 mmol LA/g), and CS-1.5 at 20 min (2.5833 ± 0.0036 mmol LA/g). The faster equilibrium time of 
CS-1.5 was attributed to neutralisation reactions between residual Ca(OH)2 and LA, resulting in acid-base interaction, showing an 

Fig. 2. FTIR spectra in HCl pre-treated RHA, CS-0.5, CS-1.0 and CS-1.5.  
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apparent LA adsorption instead [46]. On the other hand, the extended equilibrium periods taken by CS-0.5 and CS-1.0 might be 
attributed to the LA molecules’ slow chemisorption onto the adsorbents [22]. 

Evidently, the BET analysis revealed that CS-1.0 had a significantly larger specific surface area (216.47 m2/g) compared to CS-1.5 
(20.55 m2/g). A larger specific surface area allowed more adsorbates to be adsorbed, aligning with the higher LA removal efficiency in 
CS-1.0 [22]. Despite a smaller specific surface area, CS-1.5 showed 100% LA removal, suggesting that the significant amount of re
sidual Ca(OH)2 in CS-1.5 might have reacted with LA through acid-base neutralisation, thus enhancing its adsorption efficiency [47]. 
Furthermore, EDS analysis indicated that CS-1.5 had a higher calcium and oxygen component (15.09 and 69.53 atomic %, respec
tively) than CS-1.0 (10.52 and 61.51 atomic %, respectively), suggesting a significant amount of residual Ca(OH)2 in CS-1.5. SEM 
analysis also showed that CS-1.0 had more foil-like sheet structures, potentially influencing better adsorption performance, as opposed 

Fig. 3. SEM images of (a) washed RHA, (b) HCl pre-treated RHA, (c) CS-0.5, (d) CS-1.0, and (d) CS-1.5 at 1000x and 3000x magnification.  
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Fig. 4. XRD diffractograms of HCl pre-treated RHA and CS adsorbents.  

Table 2 
Element composition of washed RH, HCl pre-treated RHA, CS-0.5, CS-1.0 and CS-1.5  

Samples Element (Atomic %) 

C O Si Na Ca 

Washed RH 32.95 56.08 10.79 – – 
HCl pre-treated RHA 71.59 23.26 5.15 – – 
CS-0.5 – 71.22 4.01 4.01 11.50 
CS-1.0 21.28 61.51 5.72 0.59 10.52 
CS-1.5 7.97 69.53 4.65 3.76 15.09  

Fig. 5. TG profiles for RH, HCl pre-treated RHA and CS adsorbents.  
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to that of CS-1.5. As the neutralisation reactions in CS-1.5 rendered the recovery of LA through neutralisation useless, CS-1.0 was 
selected as the best-performing adsorbent due to its large specific surface area and insignificant Ca(OH)2 residual. Hence, it was used 
for further investigation in this study. 

3.3. Significant parameter study 

Fig. 6 shows the effect of adsorbent dosage on the LA removal efficiency and adsorption capacity using CS-1.0 with 30 mmol/L LA 
solution at 45 ◦C for 10 min. Generally, the LA removal percentage showed an increasing trend at higher adsorbent dosages, i.e. from 
0.2 g to 1.0 g. The highest removal efficiency (100%) was achieved by 0.8 g and 1.0 g of adsorbent dosage, while the lowest LA removal 
(74.19%) occurred when 0.2 g adsorbent dosage was used. However, the highest adsorption capacity (5.6712 ± 0.0016 mmol LA/g) 
was obtained at 0.2 g adsorbent dosage, while the lowest adsorption capacity (1.5532 ± 0.0023 mmol LA/g) was achieved with a 1.0 g 
adsorbent dosage. Generally, the increased available adsorption sites with higher adsorbent dosage led to more significant LA 
adsorption [48]. Such a trend was aligned with the known behaviours of adsorbents, where a finite number of active sites led to 
eventual saturation and the limit on maximum removal capacity [49,50]. 

The effect of initial LA concentration on LA removal efficiency and adsorption capacity using 0.6 g CS-1.0 at 45 ◦C for 10 min is 
illustrated in Fig. 7. Changing the initial concentration from 10 to 50 mmol/L led to a gradual decrease in removal efficiency from 
100% (10 mmol/L) to 90% (50 mmol/L). On the contrary, the highest adsorption capacity (3.7112 ± 0.0014 mmol LA/g) was achieved 
at 50 mmol concentration, while the lowest adsorption capacity (0.8302 ± 0.0026 mmol LA/g) was achieved at 10 mmol concen
tration. Such a trend could be attributed to the less competitive adsorption, as the limited LA interacts with widely available adsorption 
sites at low concentrations. However, at higher initial acid concentrations, a lower ratio of initial acid molecules to accessible 
adsorption sites occurred. Hence, the unadsorbed residual LA molecules remained in the solution, resulting in a lower removal per
centage [51]. On the other hand, the increase in LA adsorption capacity with higher initial concentration could be attributed to the 
enhancement in the driving force of the concentration gradient [52–54]. 

Fig. 8 demonstrates the effect of adsorption temperature on LA removal efficiency and adsorption capacity using 0.6 g CS-1.0 and 
30 mmol/L LA solution for 10 min. Interestingly, both LA removal efficiency and adsorption capacity increased as adsorption tem
perature increased. The highest removal efficiency (100%) and adsorption capacity (2.5756 ± 0.0015 mmol LA/g) were achieved at 
50 and 60 ◦C, while the lowest (90.32% and 2.3225 ± 0.0101 mmol LA/g) at 30 ◦C. Such a trend could be elucidated as the endo
thermic adsorption nature that contributed to higher removal efficiency at higher temperatures [55]. Higher temperatures were 
therefore favoured to overcome the stronger intermolecular forces between LA molecules and the CS-1.0 surface compared to the 
interaction between LA molecules and solvent [56]. A similar trend was observed in the fluoride adsorption study on activated coconut 
shell carbon, montmorillonite clay, and rice husk ash [57]. It was reported that the higher removal efficiency at higher temperatures 
could be attributed to the increased kinetic energy of adsorbate molecules and improved mobility onto adsorbents. 

3.4. Adsorption kinetics 

The studies of adsorption kinetics models are essential to establish the contact time necessary to achieve equilibrium and are critical 

Fig. 6. Lauric acid removal efficiencies and adsorption capacities after 10 min using different CS-1.0 adsorbent dosages at 30 mmol/L initial LA 
concentrations and 45 ◦C. 
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in revealing the adsorption process’s kinetics and determining the linkage between the material structure and the adsorption per
formance [58]. The selected adsorption kinetics models for investigation in this study, including pseudo-first-order (PFO), 
pseudo-second-order (PSO), Elovich (EVE), and intraparticle diffusion model (IPD), were linearised, and the equations, kinetic pa
rameters, and error analyses result for LA adsorption onto CS-1.0 are summarised in Table 3. 

All linearised kinetic models were fitted with experiment data and are plotted in Fig. 9 (a – d), together with the respective parity 
plots in Fig. 9 (i – iv) to illustrate the agreement between the experiment and calculated data. Based on the results observed from 
linearised kinetic model fitting, parity plots, and error analyses, a comprehensive understanding of the adsorption kinetic of LA onto 
CS-1.0 could be discussed. Generally, the PSO model had the highest R2 value (0.9959), followed by PFO (0.9716), IPD (0.9683), and 
EVE (0.9068), indicating good fits for all models (R2 > 0.90) [59,60]. Despite PSO having the highest R2 value, the ΔQ % and χ2 values 
for the IPD model were significantly lower, suggesting a better agreement between the calculated and experimental values than the rest 
of the models. IPD had the lowest ΔQ value (2.2183%) and χ2 value (0.0043), indicating its suitability in describing the adsorption 
process. The parity plot further supported the claim, illustrating the agreement between experimental and calculated Qt values for each 

Fig. 7. Lauric acid removal efficiencies and adsorption capacities after 10 min using various initial LA concentrations and 0.6g CS-1.0 at 45 ◦C.  

Fig. 8. Lauric acid removal efficiencies and adsorption capacities after 10 min using various adsorption temperatures at 30 mmol/L LA concen
trations and 0.6g CS-1.0. 
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model. 
The best-fitted IPD model suggested the significant role of the LA molecules’ diffusion into the pores of CS-1.0 in the rate- 

determining step [45]. This conclusion aligned with the idea that less-fitted models like PFO, PSO, and EVE primarily consider 
chemical interactions and surface adsorption without accounting for diffusion [61]. Hence, a three-step diffusive LA adsorption onto 
CS-1.0 was proposed: (a) diffusion of LA molecules through the liquid film surrounding the particles, (b) internal diffusion into large 
and small pores, and (c) adsorption onto active sites within the pores of calcium silicate particles. Indeed, the slowest step, i.e. internal 
diffusion, determined the adsorption rate [62]. More evidence could be identified from Fig. 8(d), in which only the linear part of the 
steep-sloped, linear, and plateau portions of Weber–Morris plots could be observed [63]. 

Where Qe and Qt (mmol/g) represent the corresponding adsorption capacity for lauric acid adsorbed onto CS-1.0 at equilibrium, e 
and time, t; t represents the time taken for the adsorption process (min); k1 represents the adsorption constant for PFO model; k2 
represents the adsorption constant for PSO model; a is the y-intercept of the straight line, while b is the slope of the graph for EVE plot; 
kid represents the IPD rate constant (mmol/g min1/2), while Ci represents the constant corresponding to the boundary layer thickness, 
which is determined from the y-intercept of the straight line (mmol/g). 

3.5. Adsorption isotherms 

Investigating the adsorption isotherms is critical for establishing an equation that appropriately represents the data and could be 
utilised for design purposes. The data fitting results for the linearised Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherms are summarised in Table 4, while the curve fit and parity plots are plotted in Fig. 10 (a – d) and Fig. 10 (i – iv), respectively. A 
comprehensive evaluation of the fitted isotherms was done based on the error analyses reported in this study. Despite variations in R2 

values were observed, all four models displayed high R2 values (R2 > 0.90), which signified a strong fit between the models and the 
experimental data [59,64]. Meanwhile, the statistical error analysis shows that the trends in both ΔQ and χ2 values mirrored the R2 

values. The Freundlich isotherm had the lowest ΔQ (8.2813%) and χ2 (0.0573) values, indicating better fit and consistency with 
experimental data, collectively pointing toward the Freundlich isotherm as the better-fitting model. Such findings were consistent with 
previous studies where similar observations were reported [22,65]. 

The excellent fit of the Freundlich isotherm suggested that the adsorption sites on the CS-1.0 surface were truly heterogeneous, in 
which multiple layers of adsorbed LA species could form on the surface through unidentate and bidentate coordination, implying the 
potential for infinite adsorption during the process [66]. Hence, the proposed adsorption mechanism should involve the complexation 
and hydrogen bonding between the carboxylate ions of LA and the calcium ions of CS-1.0 [67]. Additionally, the formation of 
hydrogen bonds between the carbonyl oxygen of LA and the silanol groups on CS-1.0’s surface further contributed to the said 
adsorption [68]. The low mean adsorption energy (E = 4.7204 kJ mol− 1, below 8 kJ mol− 1) calculated using Dubinin–Radushkevich 
isotherm further supports the physical interaction of the adsorption, in which the adsorbent and adsorbate were proposed to be 
hydrogen-bonded [69]. Meanwhile, the heterogeneous nature of the CS-1.0 surface, leading to varying affinities of different surface 
locations for LA molecules, could also be deduced [59]. Such a phenomenon could result in uneven adsorption modes, including 
monolayer, multilayer, and even zero adsorption. Therefore, the poor fit of the Langmuir isotherm data was probably due to the highly 
heterogeneous surface of the calcium silicate structure [70]. Similar findings were also reported, in which weak interactions between 
FFA and montmorillonite were reported, and the adsorption process follows the Freundlich isotherm rather than the Langmuir 

Table 3 
Linearised kinetic parameters and error analyses for lauric acid adsorption onto CS-1.0  

Model Equation Parameters Values 

Pseudo-first-order (PFO) ln(Qe − Qt) = ln Qe − k1t k1 (min− 1) 0.0731 
Qe,cal (mmol g− 1) 0.6791 
Qe, exp (mmol g− 1) 1.7061 
R2 0.9716 
ΔQ (%) 83.7758 
χ2 32.8700 

Pseudo-second-order (PSO) t
Qt

=
1

k2Qe
2 +

1
Qe

t k2 (g mmol− 1 min− 1) 0.2981 
Qe,cal (mmol g− 1) 0.6791 
Qe, exp (mmol g− 1) 1.7061 
R2 0.9959 
ΔQ (%) 11.4406 
χ2 0.1190 

Elovich (EVE) Qt =
1
b

ln(ab)+
1
b

ln t a (mmol g− 1 min− 1) 33.0980 
b (g mmol− 1) 5.3824 
R2 0.9068 
ΔQ (%) 4.2158 
χ2 0.0140 

Intraparticle diffusion (IPD) 
Qt = kidt

1
2 + Ci 

kid (mmol g− 1 min0.5) 0.1250 
Ci (mmol g− 1) 0.9625 
R2 0.9683 
ΔQ (%) 2.2183 
χ2 0.0043  
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isotherm, indicating that multilayer adsorption occurred on the heterogeneous adsorbent surface [71]. 
Where Ce is the equilibrium concentration of lauric acid in the solution (mmol/L); Qe is the adsorption capacity for the equilibrium 

amount of lauric acid uptake onto the CS-1.0 (mmol/g); Qm is the maximum adsorption capacity (mmol/g), b is the Langmuir constant 
related to the affinity of binding sites (L/mmol); n and KF are the Freundlich constants related to the corresponding adsorption in
tensity and adsorption capacity, respectively; BT represents the adsorption heat constant for Temkin isotherm; KT represents the 
Temkin adsorption potential (L/g); β represents the activity coefficient related to the mean free energy of adsorption; E represents the 

Fig. 9. Linearised and parity plots of (a, i) PFO, (b, ii) PSO, (c, iii) EVE and (d, iv) IPD kinetic models for the lauric acid adsorption onto CS-1.0.  
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mean adsorption energy. 

3.6. Adsorption thermodynamics 

The study of adsorption thermodynamics allows further understanding of the adsorption of LA onto CS-1.0 as a macroscopic 
phenomenon. It enables the prediction of the said adsorption once the crucial thermodynamic properties such as Gibbs free energy 
change (ΔG◦), enthalpy (ΔH◦), and entropy (ΔS◦) are obtained [72]. For that purpose, the thermodynamic plot for LA adsorption onto 
CS-1.0 is presented in Fig. 11. The values of ΔG◦, ΔH◦, and ΔS◦ can be calculated by applying Van’s Hoff equation (ΔG◦ = − RT ln Kd)

and Gibbs-Helmholtz relationship (ΔG◦ = ΔH◦ − TΔS◦), where Kd = (c0 − ce) /ce and represents a temperature-sensitive distribution 
constant dependence on the difference of stoichiometric coefficients; c0 represents initial LA concentration (mmol/L); ce represents LA 
concentration at equilibrium (mmol/L); R represents ideal gas constant (8.3142 J K− 1 mol− 1); and T represents absolute temperature 
(K). The negative gradient of the thermodynamic plot indicated the endothermic nature of LA adsorption onto CS-1.0 with ΔH◦ =

85.525 kJ mol− 1 K− 1. At low adsorption temperature, the positive value of ΔS◦ (0.2948 kJ mol− 1) and negative values of ΔG◦

(− 3.8306, − 6.7782, − 9.7258, − 12.6733 kJ mol− 1 K− 1 at 30, 40, 50, 60 ◦C, respectively) indicated the spontaneous nature of the 
adsorption in this study. 

3.7. Potential industrial application for waste frying oil remediation 

The graphical abstract illustrates the proposed FFA extraction from WFO using RHA-based calcium silicates (CS-1.0), up-scaled to 
be part of the industrial-level waste management system. Principally, in Stage 1, an adsorption tower packed with an appropriate 
amount of CS-1.0 would be fed with the stream of filtered WFO containing unwanted FFAs to remove them from the stream via 
adsorption at an optimum ratio, stream feed rate, and temperature. Upon reaching equilibrium, CS-1.0 should then be saturated with 
the adsorbed FFAs, and the operation would move to Stage 2, in which the CS-1.0 was removed via desorption, at the same time, 
recovering the adsorbed FFA for sales before CS-1.0 was reused again in a loop. 

4. Conclusions 

The novel alkaline earth metal silicates were successfully synthesised from RH, an agricultural waste readily available in abundance 
for effective lauric acid adsorption, one of the common constituents in the ecotoxic WFO. Surface and phase analyses showed the 
successful synthesis of CS adsorbents, especially for CS-0.10, which had a high specific surface area (216.47 m2/g) and lack of excess Ca 
(OH)2 residual that could hamper the desired structure and led to undesired pore blockage. Unlike HCl pre-treated RHA, CS-1.0 
contained high silicate purity, high porosity, large pore volume, and foil-like sheet structure with increased adsorption sites eluci
dated to be advantageous for LA adsorption. LA adsorption equilibrium was achieved at 40 min with 2.5808 ± 0.0011 mmol LA/g 

Table 4 
Linearised adsorption isotherm parameters and error analyses for lauric acid adsorption onto CS-1.0  

Model Equation Parameters Values 

Langmuir Ce

Qe
=

1
Qmb

+
1

Qm
Ce 

b (L mmol− 1) 0.0527 
Qm (mmol g− 1) 2.1568 
Qe,cal (mmol g− 1) 3.4990 
Qe, exp (mmol g− 1) 3.1836 
R2 0.9337 
ΔQ (%) 9.3006 
χ2 0.0996 

Freundlich log Qe = log KF +
1
n

log Ce 
n 0.6207 
KF (mmol(1-1/n) L(1/n) g− 1) 0.0598 
Qe,cal (mmol g− 1) 3.1696 
Qe, exp (mmol g− 1) 3.1836 
R2 0.9871 
ΔQ (%) 8.2813 
χ2 0.0573 

Temkin Qe = BT ln KT + BT ln Ce BT 2.2634 
KT (L mmol− 1) 0.3030 
Qe,cal (mmol g− 1) 2.8745 
Qe, exp (mmol g− 1) 3.1836 
R2 0.9646 
ΔQ (%) 29.9585 
χ2 0.3666 

Dubinin–Radushkevich ln Qe = ln Qm − βε2 Qm (mmol g− 1) 47.4654 
β ( × 10− 8 mol2 kJ− 2) 2.2439 
E (kJ mol− 1) 4.7204 
R2 0.9122 
ΔQ (%) 21.1599 
χ2 0.3451  
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adsorption capacity for CS-1.0, making it the best performing among all adsorbents tested, including the HCl pre-treated RHA. Sig
nificant improvement in terms of adsorption capacity was observed when compared to that of HCl pre-treated RHA. A gradual increase 
in LA removal and decreased adsorption capacities at higher initial LA concentrations were observed, attributed to the greater driving 
force for adsorption. An opposite trend was observed when the dosage was altered, elucidated by the availability of the accessible 
adsorption sites on CS-1.0. The intraparticle diffusion (IPD) model satisfactorily describes the adsorption in the study, with kid of 

Fig. 10. Linearised and parity plots of (a, i) Langmuir, (b, ii) Freudlich, (c, iii) Temkin, and (d, iv) Dubinin–Radushkevich isotherms for the lauric 
acid adsorption onto CS-1.0. 
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0.1250 mmol g− 1 min0.5 and Ci of 0.9625 mmol g− 1. Freudlich isotherm was also evaluated to fit the experimental adsorption data with 
high R2 (0.9871) and low ΔQ (8.2813%) and χ2 (0.0753) values, showing comparatively high Qe,cal value (3.1696 mmol g− 1). The 
thermodynamic study also indicates the spontaneous and endothermic LA adsorption onto CS-1.0 with ΔH◦ = 85.525 kJ mol− 1 K− 1, 
ΔS◦ = 0.2948 kJ mol− 1, and negative ΔG◦ values. A potential industrial application of the developed CS-1.0 for WFO remediation was 
also proposed. 
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