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nd hydrothermal synthesis of CaO
from dolomite in the presence of Sapindus rarak
extract for biodiesel production: catalysts
characterization and optimization

Nuni Widiarti,a Holilah Holilah,*b Hasliza Bahruji, c Reva Edra Nugraha,d

Suprapto Suprapto, *e Yatim Lailun Ni'mahe and Didik Prasetyoko e

High-purity CaO cubic crystallites extracted from limestone exhibited excellent activity as base catalysts for

waste cooking oil (WCO) conversion into biodiesel. Saponin from Sapindus rarak extract acted as

a surfactant in CaO extraction and transformation into well-defined cubic microcrystallites. The

application of saponin from Sapindus rarak extract as a surfactant for CaO production results in a high

level of CaO purity and particle size reduction compared to directly calcined limestone (CaO–MgO). The

catalytic activity was evaluated on CaO from hydrothermal and co-precipitation synthesis, MgO and

CaO–MgO derived from limestone, giving hydrothermal CaO catalysts enhanced biodiesel yield.

Optimization of transesterification conditions using Box Behnken Design response surface methodology

achieved 92.40% biodiesel yield at 65 °C, 3 h reaction time and when using 5% of CaO catalysts.
Introduction

The exponential growth in population, urbanization, and
industrialization has witnessed a surge in energy consumption,
escalating to a 2.3% increase annually.1 The high dependency
on energy from fossil fuels contributes to the depletion and
price uctuation. Researchers have focused on exploring
renewable and sustainable energy with a green impact on the
environment.2,3 Biodiesel has gathered considerable interest as
an alternative fuel from renewable sources like vegetable oils
and animal fats.4 Biodiesel offers numerous advantages,
including biodegradability, technical feasibility, minimal
greenhouse gas emissions, non-toxicity, and carbon neutrality.5

Biodiesel comprises fatty acid alkyl esters, synthesized through
a chemical process known as transesterication of triglycer-
ides.6,7 However, utilizing animal fats or cooking oils for bio-
diesel production may not be sustainable due to competition
with the food industry, compromising food security.8–10
matics and Science, Universitas Negeri

ucts, National Research and Innovation

1, Indonesia. E-mail: holi003@brin.go.id

Sciences, Universiti Brunei Darussalam,

Faculty of Engineering, Universitas

ur, Surabaya, East Java, 60294, Indonesia

ce and Data Analytics, Institut Teknologi

Surabaya 60111, Indonesia. E-mail:

3340
Researchers have actively sought non-edible raw materials
for biodiesel production, including waste cooking oil (WCO).
Waste cooking oil refers to vegetable oil used for deep frying
that can be acquired at less price than pure vegetable oil.11

Conversion of WCO to biodiesel is an environmentally friendly
approach to recycling waste cooking oil while providing
a source of low-pollution renewable energy.12 The trans-
esterication of WCO into biodiesel requires the conversion of
triglycerides compound in the waste oil into fatty acid methyl
esters (FAME) and glycerol. One triglyceride molecule reacts
with three methanol molecules to form FAME, oen catalyzed
by base catalysts.13

An ideal catalyst for transesterication should be high
conversion and selectivity, easily separated from the product,
not corrosive, and resistant to deactivation or prevent subse-
quent reaction of FAME.14,15 Heterogeneous catalysts offer
a simple and straightforward separation from liquid products,
improving reusability.6,13 CaO extracted from natural limestone
is becoming an attractive choice as a non-toxic catalyst,
ensuring negligible environmental effects despite having a high
basicity.16–19 Strong Lewis bases that are able to give electron
pairs are indicated by strong basicity. Previous studies have
shown that catalysts with higher basicity and basic strength are
linked to better biodiesel yields. Higher basic strength catalysts
have more active sites available for transesterication
processes, which makes them more favourable for methanol
molecule adsorption and breakdown.20 Direct calcination of
limestone produced CaO–MgO catalysts that were reported to
have 15% to 75% biodiesel yield.21 The presence of MgO more
© 2024 The Author(s). Published by the Royal Society of Chemistry
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than 50% reduced the catalytic activity of CaO due to the lower
basicity of MgO compared to CaO. In the catalysis, the presence
of MgO can improve the stability of catalytic deactivation.22 CaO
is extracted from natural limestone, such as dolomite, using
HCl or NaOH to remove the MgO component and other impu-
rities.23,24 Green solvents are necessary to extract CaO from
dolomite to reduce harmful and toxic acidic waste.

Sapindus rarak is a native Indonesian plant traditionally used
as a natural soap for delicate fabric. The saponin extract from
the Sapindus rarak fruit has similar properties to CTAB surfac-
tant. The saponin has been applied as a natural surfactant in
synthesizing mesoporous materials such as ZnO,25 and
manganese oxide.26 Recently, Azis et al. (2024)27 have used
Sapindus rarak extract as an agent for forming mesopores in
NaP zeolites. Generally, saponin consists of amphiphilic glycol
conjugate with a lipophilic tail and one or two hydrophilic
glycoside chains attached to the aglycone backbone. In this
study, Sapindus Rarak extract which contains saponin
compounds, was used in the extraction of CaO from dolomite
and crystallization into cubic microcrystallites. The crystalliza-
tion method was conducted using co-precipitation or hydro-
thermal method in order to evaluate the changes in CaO
morphology. The catalytic performance between CaO, MgO and
CaO–MgO derived from limestone as a base catalyst in the
transesterication of used cooking oil will be compared.
Transesterication parameters were optimized using response
surface methodology (RSM) to evaluate the effect of CaO
loading, reaction time, and reaction temperature. The RSM
input based on the Box Behnken Design was chosen to reduce
the number of experiments needed to obtain optimum reaction
conditions for the desired reaction.28 RSM uses multivariate
equations to solve multivariate data from well-designed exper-
iments,29 and provides optimized response conditions or the
optimum response regions as a function of input factors using
statistical methods.30
Experimental
Materials

Natural limestone was obtained from Madura, Indonesia.
Sapindus rarak extract was prepared using the maceration
process of Sapindus rarak fruit in ethanol (1 : 4) for 48 h. The
chemical used i.e. hydrochloric acid (Merck, 37%) n-hexane
(Merck, 99%), sodium hydroxide (Merck), sodium carbonate
anhydrous (Merck), methanol (Merck, 99%), and distilled water
was purchased from the local store in Semarang. Waste cooking
oil was obtained from the traditional market in Semarang,
Indonesia.
Table 1 Parameter levels

Parameter Unit −1 0 1

Catalyst loading (A) % 2 5 8
Temperature (B) °C 60 65 70
Reaction time (C) h 2 3 4
Modication CaO–MgO dan CaO by Sapindus rarak solution

A calcined natural limestone CaO–MgO (10 g) was dissolved in
30% Sapindus rarak solution (100 mL), and the mixture was
stirred at 60 °C for 2 h. The mixture was ltered to separate the
ltrate that contained dissolved CaO, and solid residue that
primarily contained MgO. The separated solid residue and the
liquid ltrate will be further used for synthesizing MgO and
© 2024 The Author(s). Published by the Royal Society of Chemistry
CaO catalysts. The solid residue was calcined at 800 °C for 3 h to
obtain MgO. On the other hand, the liquid ltrate underwent
co-precipitation or hydrothermal synthesis to produce CaO–C
(co-precipitation) and CaO–H (hydrothermal). HCl solution (0.1
M) was added to the ltrate until the pH reached 6. Na2CO3

solution (1 M) as a precipitating agent was added dropwise to
the ltrate until the mixture reached pH 12. The mixture was
stirred for 2 h, sonicated for 1 h, poured into a Teon-line
autoclave and hydrothermally heated at 100 °C for 72 h. The
resulting white precipitate was washed with hot water until the
pH was neutral. The precipitate was dried at 110 °C overnight to
remove water and calcined at 800 °C for 3 h to obtain CaO–H.
CaO–C was obtained following steps similar to CaO–H but
without undergoing hydrothermal.31
Characterization of catalysts

Crystallinity and mineral phase were characterized using the
PHILIPS binary (scan) PW 3050/60 X-ray Diffractometer, with Cu
Ka radiation and generator settings of 30 mA and 40 kV. The
catalyst functional group was characterized using Fourier
Transform Infrared (FTIR 8400S Shimadzu) with a KBr: sample
ratio of 99 : 1 and measured at 400–4000 cm−1. The morphology
was investigated using a JEOL JSM 6010LV scanningmicroscope
at an accelerated voltage of 10 kV. Particle size was measured
using Zetasizer nm (Malvern).
Catalytic activity

The trans-esterication reaction was carried out in a Batch
reactor. The treatedWCOwas heated at 110 °C for 30minutes to
remove water, and then the free water of oil put in to themixture
of methanol catalyst (CaO–MgO, MgO, CaO–C, and CaO–H).
Themole ratio of oil : methanol was 1 : 9 and the composition of
the catalyst was 5% of the weight of the oil. The mixture was
heated in a batch reactor at 65 °C and stirred at 500 rpm for 3
hours. The FAME obtained from the transesterication reaction
was analyzed using GC-MS with methyl heptadecanoate as an
internal standard.
Design experiment

The Box–Behnken experimental design was used to study the
factors used to optimize the transesterication reaction of waste
cooking oil, such as catalyst loading, reaction temperature, and
reaction time. Box Behnken Design Response surface method-
ology was used to study the optimization of independent vari-
ables and response variables. The parameters used in this study
consisted of 3 parameters, each with 3 levels, so 15 trials were
carried out as listed in Table 1.
RSC Adv., 2024, 14, 23332–23340 | 23333
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Results and discussion
Phase and crystallinity analysis

Crystallinity and mineral phase analysis was carried out on the
CaO–MgO and the resulting solids to identify the successful
separation of CaO and MgO using saponin extract. The as-
received CaO–MgO powder consists of CaO, Ca(OH)2 and MgO
mixtures. MgO was obtained from the calcination of the sepa-
rated solid product when mixing the CaO–MgO with Sapindus
rarak solution. The XRD pattern in Fig. 1 shows that MgO has
a sharp peak at 2q = 43° and 62.15° corresponds to (200) and
(220) crystal planes of MgO cubic crystal (JCPDS no 00-075-
0447). The peaks appeared at similar positions as in CaO–MgO.
The peaks at 2q = 22.5°; 29, 25°; 39.27°; 43.27°; 47.20° and
48.38° ascribed to rhombohedral CaCO3 crystal (JCPDS no 00-
086-2340) and the peaks at 2q = 18.03; 34.12 and 36.71°
assigned to hexagonal Ca(OH)2 (JCPDS no 00-081-2481). The
CaCO3 and Ca(OH)2 peaks appeared at low intensity, implying
the signicant removal of CaO producing high purity of MgO.
XRD analysis on the CaO–C and CaO–H obtained from the
liquid solution showed high intensity CaO, Ca(OH)2 and CaCO3

peaks. The CaO peaks appeared at 2q = 32.37 (111), 2q = 37.27
(200), 53.8 (220), 67.34 (222) ascribed to CaO cubic structure
(JCPDS no. 000-481-467).32 The Ca(OH)2 at 2q = 17.95 (001) and
50.67 (012) (JCPDS no 00-084-1273) indicate the formation of
hexagonal crystals. However, no peaks assigned to MgO that
conrmed the separation of MgO and CaO in the limestone
following Ca2+ dissolution in saponin extract. The crystallite
Fig. 1 The XRD pattern of CaO–MgO, MgO, CaO–C from co-
precipitation and CaO–H from hydrothermal.

23334 | RSC Adv., 2024, 14, 23332–23340
size was calculated using the Scherrer equation and summa-
rized in Table 2.

Functional group analysis

FTIR analysis was performed on CaO–MgO, MgO, CaO–H, and
CaO–C as shown in Fig. 2. A strong absorption band at
3644 cm−1 assigned to the characteristic band of the hydroxyl
group in Ca(OH)2.33 The hydroxyl band for CaO–MgO and MgO
showed weaker intensity than CaO–H and CaO–C. CaO is
a compound that readily reacts with moisture to form
Ca(OH)2.34 The CO3

2− vibrations of the sodium carbonate were
observed at 875 cm−1 and 1421 cm−1. The high intensity CO3

2−

band was observed on CaO–H and CaO–C, indicating the
carbonization of CaO with sodium carbonate.22 In the MgO and
CaO–MgO samples, the OH vibrational peak corresponds to the
OH group from CaO andMgO appeared at 3650–3700 cm−1. The
peak intensity at 3650–3700 cm−1 of MgO is lower than CaO–
MgO because the domination of MgO phase dominates
following CaO removal.

Morphology analysis

The SEM analysis of CaO–MgO (Fig. 3a) shows the presence of
large cubic crystallites with the aggregation of non-uniform
small particles deposited randomly on the surfaces. The large
cubic structures were identied as CaO particles, while the non-
uniform small aggregates covering the cube surfaces are MgO
particles. Fig. 3b shows the morphology of MgO that appeared
as small aggregates with no visible large CaO cubic structures.
The morphology analysis further evidenced the removal of CaO
crystallites during extraction with saponin solution. CaO–C
obtained by co-precipitation method (Fig. 3c) shows uniformed
size cube crystals, a typical CaO structure.35 The cubic micro-
crystallite appeared at signicantly smaller dimension than the
CaO–MgO. The hydrothermal process produced CaO–H with
slightly larger crystallites than the CaO–C, with well-dened
cubic structures (Fig. 3d). The absence of small non-uniform
aggregates in CaO–H and CaO–C indicates the removal of
MgO in the catalysts.

Particle size analysis

The particle size analysis on CaO–MgO, MgO, CaO–H and CaO–
C in Fig. 4 shows the effect of mineral separation and crystal-
lization using saponin on the size of the catalysts. The calcined
CaO–MgO was predominately present as large and small
aggregates with an average diameter of 6.27 mm. As evidenced
Table 2 The crystallite size of CaO–MgO, MgO, CaO–C from co-
precipitation and CaO–H from hydrothermal

Sample
Crystallize
size (nm)

CaO–MgO 73.47
MgO 12.03
CaO–C 36.69
CaO–H 31.74

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of CaO–MgO, MgO, CaO–C from co-precipita-
tion and CaO–H from hydrothermal.
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by SEM analysis, CaO predominantly existed as large crystal-
lites, while MgO appeared as small clusters. When MgO was
separated from CaO–MgO, the resulting catalysts showed that
most of the particles existed with sizes of less than 1 mm. CaO–H
Fig. 3 SEM image of (a) CaO–MgO, (b) MgO, (c) CaO–C from co-preci

© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained from hydrothermal treatment showed a narrow
particle size diameter between 1 to 2 mm, suggesting the
formation of uniform size particles. CaO–C produced from co-
precipitation shows particle sizes ranging from 1.0–4.0 mm.
The results suggest the saponin role in reducing particle size
and preventing agglomeration between particles. These results
are in line with the previous studies which reported that the
presence of surfactants played an important role in forming
CaCO3 precipitate nanoparticles to prevent the aggregation by
electrostatic repulsions.36,37 The hydrothermal process directly
favor the growth of more regular crystals compared to co-
precipitation method.36
Catalysts activity on transesterication of WCO

The activity of CaO–MgO, MgO, CaO–C and CaO–H catalysts in
the transesterication of used cooking oil was carried out at 65 °
C, with 9 : 1 molar ratio of methanol to oil. The amount of
catalyst was used at 5% by weight of oil percentage, and the
reaction time was conducted for 3 h. The biodiesel yield was
determined based on the concentration of methyl esters
compound determined using GCMS analysis (Fig. 5). The WCO
transesterication showed a slight increase in biodiesel yield
from 49.52% when using CaO–MgO to 56.61% when using MgO
as the catalyst. The CaO–C obtained from co-precipitation
produced 75.42% biodiesel yield, while 88.78% of biodiesel
yield was obtained on CaO–H catalyst. Low catalytic activity of
CaO–MgO and MgO was due to the weaker base properties of
MgO than CaO.22,38 When MgO was removed from the catalysts
(CaO–C and CaO–H), the catalytic activity improved
pitation and (d) CaO–H from hydrothermal.

RSC Adv., 2024, 14, 23332–23340 | 23335
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Fig. 4 Particle size distribution of CaO–MgO, MgO, CaO–C, and CaO–H.

Fig. 5 The catalytic activity of CaO–MgO, CaO–MgO-L, CaO–C, and
CaO–H for biodiesel production.
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signicantly, suggesting the dominant role of CaO in the
transesterication of WCO. Hydrothermal CaO–H catalyst
exhibits high catalytic activity due to the uniform cubic particle
structures that provide stable active sites for the reaction. The
uniform particle shape and small particle size increased the
23336 | RSC Adv., 2024, 14, 23332–23340
surface area of the catalyst, thus increasing the active sites for
WCO transesterication.39 Thanks for the correction: The
hydrothermal CaO–H catalyst exhibits high catalytic activity due
to the uniform cubic particle structure which provides stable
active sites for the reaction. The uniform particle shape and
small particle size increase the surface area of the catalyst, thus
increasing the active sites for WCO transesterication.
Optimization of transesterication reaction

RSM optimization was performed with the variation of CaO–H
loading, reaction temperature, and reaction time to obtain high
biodiesel yield from WCO. Table 3 shows the biodiesel yield
obtained at different transesterication parameters. The
response surface and contour plots show the interaction
between the variables and biodiesel output. According to these
results, the maximum FAME yield of 92.40% can be obtained at
the optimum reaction conditions of 5 wt% catalyst loading, 65 °
C temperature and conducted in 3 h.

Analysis of the variance of regression was performed in Table
4. Based on the three parameters used, reaction time is the
dominating factor that signicantly inuences biodiesel yield.
The reaction time showed the highest sequential number of
squares at 55.335, while the reaction temperature and the
amount of catalyst were 17.082 and 12.425, respectively. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The biodiesel yield under different operating conditions in the
experimental design

No. Catalyst loading (wt%)
Temperature
(°C) Time (h) Yield (%)

1 2 60 3 87.80
2 8 60 3 89.29
3 2 70 3 92.00
4 8 70 3 92.36
5 2 65 2 84.54
6 8 65 2 91.27
7 2 65 4 90.04
8 8 65 4 91.43
9 5 60 2 77.90
10 5 70 2 78.32
11 5 60 4 83.80
12 5 70 4 87.80
13 5 65 3 92.16
14 5 65 3 90.40
15 5 65 3 92.40

Table 4 Analysis variance of the regression

Sources DF Seg SS Adj SS Adj MS F P

Regression 9 310.846 310.846 34.538 8.89 0.015
Linear 3 84.842 73.848 24.616 6.12 0.040
A 1 12.425 0.030 0.030 0.01 0.934
B 1 17.082 67.113 67.113 16.67 0.010
C 1 55.335 12.255 12.255 3.04 0.141
Square 3 215.352 215.352 71.784 17.84 0.004
A2 1 51.937 34.057 34.057 8.46 0.033
B2 1 56.924 69.160 69.160 17.18 0.009
C2 1 106.491 106.491 106.491 26.46 0.004
Interaction 3 10.652 10.652 3.551 0.88 0.510
AB 1 0.319 0.319 0.319 0.08 0.790
AC 1 7.129 7.129 7.129 1.77 0.241
BC 1 3.204 3.204 3.204 0.80 0.413
Residual error 5 20.12 20.12 4.025
Lack-of-Fit 3 17.739 17.739 5.913 4.96 0.172
Pure error 2 2.385 2.385 1.193
Total 14 330.971
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analysis of variance and regression in Table 4 also shows that
the regression P values of each variable amount of catalyst,
temperature, and reaction time are 0, 934, 0.010, and 0.141,
respectively. P value >0.05 indicates that the reaction tempera-
ture variable signicantly affects the biodiesel product, while
the amount of catalyst and reaction time does not affect the
product. However, the P squared value of each variable <0.05
indicates a signicant quadratic value and affects biodiesel
yield. Table 3 also shows that the P value of the interaction
between variables is greater than 0.05. This indicates that the
interaction of each variable has no signicant effect on bio-
diesel yield. The Lack of Fit analysis results obtained a P value=
0.172 which is greater than 0.05, indicating that the model used
in the experiment ts the data.

Fig. 6 shows the contour and surface responses of biodiesel
yield under varying catalyst loading, reaction time, and
temperature. The biodiesel yield enhanced with temperature
© 2024 The Author(s). Published by the Royal Society of Chemistry
increased from 60° to 65°, but reduced at 70 °C. High temper-
atures reduced biodiesel production due to the reaction of fatty
acids with CaO to form soap.22 Increasing the reaction
temperature also causes methanol evaporation, thus, it is
necessary to reduce the contact of methanol with the catalyst
and oil in the liquid phase.40 The use of catalyst loading affects
the biodiesel production. The presence of a catalyst speeds up
the reaction, increasing the yield of the nal product. However,
aer reaching the optimum biodiesel yield, the excess catalyst
will increase the production of FFA and leads to the formation
of soap. The formation of soap increases the viscosity and
decreases the homogeneity of reaction mixture which reduce
reaction efficiency due to the mass transfer resistance.22

According to the plot of the contour and response surface, the
yield of biodiesel rises as catalyst loading increases and didn't
reach the optimum point. This can happen because the
distance between the variables is too close.

The effect of reaction temperature and catalyst amount on
biodiesel production is shown in Fig. 6. The optimum reaction
time is 3 h. If the reaction time is prolonged, a reaction equi-
librium occurs between the products and the reactants,
decreasing biodiesel production.22,41 The contour and surface
interaction between temperature and reaction time on biodiesel
yield Fig. 6 shows the similarity between the experimental
results and calculation.

The optimum reaction temperature was determined at 65 °C
and the optimum reaction time of 3 h. Increasing the reaction
temperature and time aer reaching the optimum condition
reduced biodiesel yield. The transesterication reaction for
biodiesel production is an equilibrium reaction, and adding
reaction time aer reaching the optimal time is inefficient for
increasing biodiesel yield.22

The analysis of variance and regression (Table 4) shows that
the regression P values of each variable amount of catalyst,
temperature, and reaction time were 0.934; 0.010, and 0.141,
respectively. P value >0.05 indicates that the reaction tempera-
ture variable inuences biodiesel production, while the amount
of catalyst and reaction time does not affect the product.
However, the quadratic P value of each variable <0.05 indicates
a signicant quadratic value and affects the biodiesel yield.
Table 3 also shows that the P value of the interaction between
variables is greater than 0.05. This indicates that the interaction
of each variable has no signicant effect on biodiesel yield. The
results of the Lack-of-Fit analysis obtained a P value = 0.172
which is greater than 0.05, and this indicates that the model
used in the experiment is following the data.
Biodiesel characterization

Functional group analysis. As a result of the FTIR analysis in
Fig. 7, the absorption band observed at 3473 cm−1, which is
a stretching vibration of the O–H bond of a water molecule. The
absorption peak at 2925.89 cm−1 corresponds to the vibration of
the CH bond in the CH2 and CH3 groups. A sharp, strong peak
at 1742 cm−1 appears in WCO due to the stretching vibration of
the C]O bond in the carbonyl group of the triglyceride struc-
ture.41 However, there are differences in the intensity of the
RSC Adv., 2024, 14, 23332–23340 | 23337
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Fig. 6 Contour plots and response surfaces of the biodiesel yield under varying catalyst loading, reaction time, and temperature.
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FTIR spectra at different wavenumbers, such as the lower
absorption peak observed at 3565.15 cm−1, which refers to the
stretching vibration of the –OH group in water molecules,
indicating lower water content in biodiesel. Aer the biodiesel
manufacturing process, the range and intensity of the peak
along the FTIR spectrum also became sharper at several wave-
numbers, such as the absorption peak at 2925.85; 2856.42;
1745.36; 1459.37; and 1162.87 cm−1 are associated with the
formation of methyl esters from biodiesel and clearly show the
production of biodiesel fromWCO.41 A sharper absorption peak
at 1162.87 cm−1 along the FTIR spectrum is associated with the
23338 | RSC Adv., 2024, 14, 23332–23340
–OCH3 group in WCO-produced biodiesel.42 The properties of
biodiesel are usually determined by the feedstock used. Bio-
diesel from vegetable oils generally has a low viscosity, low ash
point, good lubricity, low ash point, and high vapor pressure.
Table 4 shows the results of the physical properties of WCO
biodiesel, such as density, kinematic viscosity, ash point, bale
temperature, and acid value.

Biodiesel properties

Table 5 summarizes the characteristics of WCO-derived bio-
diesel using CaO derived from CaO–MgO catalyst using
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR spectra of WCO and fatty acid methyl ester from waste
cooking oil.

Table 5 The properties of biodiesel from WCO

Parameters This study ASTM D6751 42

Density (g cm−3) 0.88 0.86–0.90 0.887
Kinematic viscosity at 40 °C (cSt) 2.48 1.9–6.0 4.2
Flashpoint (°C) 131 100–170 196
Cloud point (°C) 24 Max. 26 —
Number of acids (mg KOH g−1) 0.32 <0.8 0.15
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rarasaponin by hydrothermal method. Biodiesel analysis results
were also compared with ASTM D6751 and Zhang et al. (2020).42

Analysis of physical properties of WCO biodiesel with
a specic gravity of 0.88 g cm−3 according to ASTM standards.
The synthesized biodiesel also has the similar density value,
0.887 g cm−3 as reported by Zhang et al. (2020).42 The biodiesel
viscosity of WCO is ∼2.48 cSt, which is in line with the ASTM
standard ranges but is lower than that of biodiesel produced by
Zhang et al. (2020).42 The results of other analysis, such as ash
point, fog point, and acid number, are 131 °C, 24 °C, and 0.32,
respectively, which follow the standards set by ASTM 6751.
Conclusions

Hydrothermal production was employed to obtain CaO from
a CaO–MgO mixture, utilizing the rarasaponin from Sapindus
rarak fruit as natural surfactant. The application of rarasaponin
as a surfactant for CaO production results in a remarkable
purity level of up to 98% for CaO and a reduction in particle size
compared to directly calcined limestone (CaO–MgO). The
optimal conditions were determined by employing Response
Surface Methodology (RSM) with CaO as the catalyst, yielding
the highest biodiesel yield. These conditions included a catalyst
quantity of ve times the initial amount, a reaction duration of
three hours, a reaction temperature of 65 °C, and a maximum
© 2024 The Author(s). Published by the Royal Society of Chemistry
biodiesel yield of 92.40%. The properties of biodiesel were
evaluated to be within the ASTM standards.
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