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The object of this study is the ultrasound-as-
sisted transesterification of castor oil (Ricinus
communis) into biodiesel using heterogeneous cat-
alysts derived from natural sources: blood cockle
shells (Anadara granosa) from Pekanbaru and
limestone from Bangkalan, Indonesia. The prob-
lem addressed is that directly calcined limestone
produces low biodiesel yield without complex
post-treatment, and whether ultrasonic irradia-
tion can compensate for this has not been tested.
Three catalysts (shell-derived CaO, limestone-de-
rived CaO-MgO, and their 1:1 physical mixture)
were calcined at 900°C, 5 h, characterized by X-ray
diffraction, Scanning electron microscopy with
energy-dispersive X-ray spectroscopy, and Fourier-
transform infrared spectroscopy, and tested under
ultrasonic irradiation at 28 kHz with 56.0 W effec-
tive power (calorimetric calibration, 100 W nom-
inal). A central composite design (reaction time,
catalyst loading) was employed for each catalyst.
Mean yields were 95.4% (mixed), 93.2% (lime-
stone), and 89.2% (shell). Response surface anal-
ysis revealed a maximum for limestone (97.9% at
93.9 min, 4.24 wt%), a saddle point for shell, and
an inverted surface for the mixture. These dis-
tinct geometries arise from phase composition and
active-site differences. Unlike prior work requir-
ing calcination-hydration-dehydration and NiO
impregnation, the limestone catalyst here achieved
93.2% yield by direct calcination and sonication
alone, far exceeding the 16.45% reported without
sonication. These findings apply to biodiesel pro-
duction where shell and limestone are abundant,
replacing complex catalyst post-treatment with
direct calcination and sonication

Keywords: heterogeneous catalysis, sonication,
blood cockle shell, calcined limestone, response
surface methodology, calorimetric calibration
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1. Introduction

Biodiesel produced by transesterification of vegetable oils
with methanol can partially replace petroleum diesel and low-
er net carbon emissions [1]. As more countries tighten emis-
sion standards, demand for biodiesel feedstocks that do not
compete with food crops has increased [2, 3]. Castor oil (Ric-
inus communis) fits this requirement: its high ricinoleic acid
content (85-90%) gives it unusual methanol solubility, which
helps drive transesterification at moderate temperatures [4, 5].

A practical obstacle is catalyst cost. Heterogeneous catalysts
made from natural shells and limestone are far cheaper than re-
agent-grade oxides and can be recovered after the reaction [2, 3].
However, directly calcined limestone has shown poor activity
without additional chemical treatment [4]. A separate obstacle
concerns ultrasonic process intensification: acoustic cavitation
can improve mixing between oil and methanol phases [6, 7], yet
nearly all published studies report the nominal power printed
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on the equipment rather than the actual power reaching the
liquid, so their results are hard to reproduce [5].

If both obstacles could be addressed, namely activating cheap
natural catalysts through sonication while properly characteriz-
ing the acoustic power, castor oil biodiesel could be produced at
lower cost with better reproducibility. Indonesia has abundant
blood cockle shells in Riau and limestone deposits in Madura,
making these precursors locally available and inexpensive [8].

Therefore, studies on the optimization of ultrasound-as-
sisted castor oil transesterification using natural CaO-MgO
catalysts under calibrated acoustic power are scientific relevant.

2. Literature review and problem statement

The paper [4] presents the results of research on castor oil
composition. It is shown that ricinoleic acid at 80-90% gives
it higher methanol miscibility than most vegetable oils. The




paper [9] shows that calcining shells above 900°C converts
carbonate to calcium oxide, and this approach was used in [10],
where mud clam shell CaO gave over 96% yield at 60°Cin 2 h. A
Ca0O-MgO system reached 98% conversion with better reusabili-
ty than CaO alone [9]. Modified CaO from other natural sources
has also achieved comparable activity for transesterification [11].
But there were unresolved issues related to whether such perfor-
mance can be obtained from natural minerals without complex
post-treatment. The reason this question remained open is that
previous attempts with natural minerals have typically required
multi-step post-treatment to reach high yields. For example, [11]
used hydration of CaO to Ca(OH), before transesterification,
while [12] combined calcination-hydration-dehydration with
PEG surfactant templating and NiO impregnation. The simpler
direct-calcination route was thus left under-investigated.

The paper [12] presents the results of research on Madura
limestone. It is shown that directly calcined limestone produced
only 16.45% yield. The reason for this may be its small surface
area (9 m?/g), limiting accessible active sites. A second reason is
that without such treatment, residual CaCO3 and Ca(OH), phases
dilute the active CaO content, as evidenced by the low 16.45%
yield in [12] before post-treatment. A way to overcome these dif-
ficulties can be calcination-hydration-dehydration with PEG sur-
factant and NiO impregnation, reaching 90% yield [12]. However,
such multi-step post-treatments add cost and complexity.

A simpler way to overcome this limitation can be ultrasonic
process intensification. The paper [7, 13] shows that acoustic
cavitation disrupts the oil — methanol phase boundary. This ap-
proach was used in [13] for castor oil, and in [14] with MgO/CaO
nanorods. Response surface methodology was applied in [15, 16]
to optimize the process. A likely reason this combination has
not been explored is that ultrasonic biodiesel studies typically
report the acoustic power as nominal generator output without
calorimetric calibration, which limits comparison across reac-
tors and complicates the testing of low-activity catalysts, which
response depends on the actual delivered energy. However,
these studies either used reagent-grade catalysts or a single nat-
ural source, and none tested directly calcined limestone under
sonication without additional chemical treatment.

‘What remains untested is whether sonication alone can com-
pensate for the low surface area of directly calcined limestone.
No study has tried a physical mixture of separately calcined shell
CaO and limestone CaO-MgO, and blood cockle shell (Anadara
granosa) has received little attention for castor oil transesterifi-
cation. The likely reason these specific combinations have been
overlooked is that prior work on shell-derived CaO focused on
more readily available bivalves such as mud clam [10] and mus-
sel, cockle, and scallop [17], while limestone studies typically
used the mineral alone rather than blended with shell-derived
CaO. As a result, the complementary phase compositions (pure
CaO from shell versus CaO-MgO from limestone) have not been
systematically compared in a single experimental framework.

All this suggests that it is advisable to conduct a study
devoted to comparing shell-derived CaO, limestone-derived
Ca0-MgO, and their physical mixture for ultrasound-assist-
ed castor oil transesterification under calibrated acoustic
power, with response surface analysis to identify the optimi-
zation patterns governing each catalyst system.

3. The aim and objectives of the study

The aim of the study is to determine whether ultrasonic
irradiation can compensate for the low activity of directly cal-

cined natural limestone and to identify the response surface
patterns for three catalyst systems from blood cockle shell and
limestone. This will allow the development of a simpler and
lower-cost route for biodiesel production using locally avail-
able natural precursors, replacing complex catalyst post-treat-
ments with calorimetrically-calibrated ultrasonic processing.

To achieve this aim, the following objectives were accom-
plished:

- to prepare and characterize catalysts calcined at 900°C
using XRD, SEM-EDX, and FTIR;

- to compare three catalyst systems under ultrasonic ir-
radiation at 28 kHz;

- to investigate the effects of reaction time and catalyst load-
ing using a central composite design with eigenvalue analysis.

4. Materials and methods

4. 1. The object and hypothesis of the study

The object of this study is the transesterification of
castor oil into biodiesel under ultrasonic irradiation using
heterogeneous catalysts from natural shell and limestone.
The hypothesis is that ultrasonic irradiation at 28 kHz can
compensate for the low surface area of directly calcined lime-
stone, producing yields comparable to post-treated catalysts.
Assumptions:

a) calorimetric calibration in water adequately represents
acoustic power in the oil-methanol-catalyst system;

b) gravimetric yield approximates FAME conversion.
Simplification: the reaction temperature was not controlled
but allowed to rise from ambient to ~50°C by cavitation
heating, accepted as representative of a practical batch
process.

4. 2. Materials

Castor oil (Ricinus communis, cold-pressed, hexane-free)
was purchased from PT Unggul Herbal Atsiri (Banyuwangi,
East Java, Indonesia; acid value 0.8 mgKOH/g, saponifica-
tion value 179.4 mgKOH/g, hydroxyl value 161.1 mgKOH/g,
viscosity 0.678 Pa-s at 25°C). Methanol (AR grade, 99.98%,
catalog A-1056) was purchased from PT Smart Lab Indonesia
(Tangerang Selatan, Indonesia). Blood cockle shells (Anada-
ra granosa) were collected from Pekanbaru, Riau. Limestone
was obtained from Bangkalan, Madura.

4. 3. Methods

4. 3.1. Catalyst preparation

Blood cockle shells were washed with distilled water and
dried at 105°C overnight (~12 h). Limestone was cleaned and
dried identically. Both were calcined separately at 900°C at
10°C/min for 5 h, ground and sieved to 100-200 mesh (74—
149 um), and stored in a desiccator. For the mixed catalyst,
the powders were physically blended at 1:1 mass ratio.

4. 3. 2. Catalyst characterization

XRD was performed using a PANalytical X’Pert PRO
with Cu-Ka (A = 1.5406 A) at 40 kV/35 mA, 26 = 10-90°
(codes XRD 1249 and 1250). SEM-EDX was conducted at
20kV (codes MAP 442 and 443). FTIR was performed using
a Shimadzu spectrometer at 4 cm™! resolution with 40 scans
over 400-4000 cm™~! with Happ-Genzel apodization (codes
IR 918 and 919). All analyses were performed at the Labo-
ratorium Mineral dan Material Maju, FMIPA, Universitas
Negeri Malang.



4. 3. 3. Transesterification procedure

Castor oil (4.8 g) was mixed with methanol at a 15:1 molar
ratio (2.47 g, based on the average molecular weight of castor
oil of 938 g/mol calculated from the saponification value).

The reaction vessel was placed inside the ultrasonic bath
filled with 3 L of water. The ultrasonic generator was set to its
full output (nominal 100 W, effective 56.0 W at 28 kHz), and the
reaction was allowed to proceed for the duration specified by the
design. The reaction temperature was not externally controlled;
it increased from ambient temperature (approximately 28°C) to
approximately 50°C over the course of the reaction due to cavi-
tation-induced heating.

The effective ultrasonic power dissipated into the reaction
medium was determined by the calorimetric method. A known
mass of water (3000 g) was placed in the ultrasonic bath, and
the temperature rise was recorded at one-second intervals for
approximately 15 minutes using a digital thermometer (preci-
sion =+ 0.01°C). The effective power was calculated using (1)

P=mxC X d—T ,
Py de

where P - the dissipated acoustic power (W), m - the
mass of water (g), C, - the specific heat capacity of water
(4.18 J-g71°C™1), and dT/dt - the slope of the linear regression
of the temperature-time data. Based on triplicate measure-
ments, the effective acoustic power was determined to be
56.0 + 4.2 W, corresponding to an energy transfer efficiency
of approximately 56% from the nominal generator output.

At the end of the reaction, the mixture was transferred
to a separation vessel and allowed to stand until phase sepa-
ration occurred. The lower glycerol-rich layer was removed,
while the upper crude biodiesel layer was collected. The
crude biodiesel was washed three times using distilled water
maintained at 50°C to remove residual methanol, catalyst
particles, glycerol, soaps, and other water-soluble impurities.
The washed biodiesel was subsequently heated at 105°C for
1 h to eliminate residual water and remaining volatile com-
ponents. Finally, the dried biodiesel was weighed, and the yield

@

was calculated as the ratio of dried biodiesel mass to the initial
castor oil mass (2)
JX 100

The yield values reported in this study represent the
gravimetric yield based on dried product mass, rather than
fatty acid methyl ester (FAME) purity determined by gas chro-
matography. Consequently, the reported values may slightly
overestimate the true FAME yield due to the possible presence
of trace residual methanol, moisture, soap, or other impurities
not fully removed during washing and drying. All values in
the experimental yield tables correspond to directly measured
masses; no model-estimated or adjusted values were included.

The yields ranged from 80.8 to 99.8% (shell), 87.5 to 97.9%
(limestone), and 89.4 to 99.8% (mixed). Notably, the limestone
center-point replicates clustered at 97.5-97.9%, while the mixed
catalyst center points gave only 89.4-89.8% with higher yields
at the edges, suggesting distinct response surface geometries.

mass of dried biodiesel

@

Yield (%)=
( 0) (initial mass of castor oil

4.3. 4. Experimental design

A CCD with two factors (time: 60-120 min; catalyst:
3-5wt%) was employed: 17 runs per catalyst (8 factori-
al x 2 replications, 4 axial at a = 1.6818, 5 center points).

5. Results of catalyst characterization and response
surface optimization

5.1. Catalyst characterization

5.1.1. X-ray diffraction

Fig.1 shows the XRD patterns. The limestone cata-
lyst (XRD 1249) contains CaCO;, CaO, Ca(OH),, and MgO.
Peaks at 20 = 32.2° 37.4° 53.8° 64.2° 67.4° correspond to
CaO [14]. A peak at 26 = 43° confirms MgO (periclase). This
composition is matching the dolomitic character of Madura
limestone described by [12]. The shell catalyst (XRD 1250) shows
only CaCOj3 and CaO, without any Mg-bearing phases [17].

Counts
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a
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1000+
XRD 1250
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b

Fig. 1. X-ray diffraction patterns of the catalysts: @ — limestone (XRD 1249); b — shell (XRD 1250)



The diffraction patterns confirm that the two precur-
sors yield different phase compositions: limestone retains
both CaO and MgO alongside residual CaCO3 and Ca(OH),,
whereas shell produces CaO with residual CaCO; only and
no Mg-bearing phases, consistent with the purely aragonitic
origin of Anadara granosa.

5.1.2. Scanning electron microscopy morphology

Fig. 2 shows the limestone catalyst at 50,000x: sub-mi-
cron granular aggregates (0.5-2 um) typical of thermally de-
composed dolomite. Fig. 3 shows the shell catalyst at 5,000x:
larger plate-like lamellar fragments (10-50 um) retaining
biogenic growth structures, characteristic of calcined mol-
lusk shells [14, 17].

surface area, which may contribute to its catalytic perfor-
mance.

Fig. 3. Scanning electron microscopy micrograph of shell
catalyst (MAP 443, 5,000, 20 um)

5.1. 3. Energy-dispersive X-ray elemental analysis

EDX mapping (Fig. 4) detected four elements in the lime-
stone catalyst: C (9.81 wt%), O (48.95 wt%), Mg (13.59 wt%),
and Ca (27.65 wt%). The shell catalyst (Fig. 5) contained only
C (12.31 wt%), O (44.27 wt%), and Ca (43.43 wt%) with no Mg
detected, consistent with XRD results.

The elemental composition is presented in Table 1.

Table 1
Fig. 2. Scanning electron microscopy micrograph of EDX composition of limestone catalyst (MAP 442)
limestone catalyst (MAP 442, 50,000x%, 2 ym)
Element Weight % Atomic %
The contrasting morphologies, sub-micron granular cK 281 15.93
aggregates for limestone versus large plate-like fragments OK 48.95 59.69
for shell, reflect their different precursor structures and Mg K 13.59 1091
suggest that the limestone catalyst has a higher specific Cak 27.65 13.46
7.20K
Ca K
6.48K MgK :
576Ky
504K
§4.32K
§3.60K
2.88K
1.44K
0.72K y
0.00K
0.0 13 26 39 52 65 7.8 9.1 104 117 13.0
Energy (keV)
a b

Fig. 4. Energy-dispersive X-ray analysis of limestone catalyst (MAP 442): a — elemental mapping; b — sum spectrum
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Fig. 5. Energy-dispersive X-ray analysis of shell catalyst (MAP 443): a — elemental mapping; 6 — sum spectrum



The shell catalyst composition is given in Table 2. lattice vibrations, which is absent in the shell catalyst, con-
sistent with the presence of MgO detected by XRD and EDX.

Table 2
EDX composition of shell (;A())TO |
catalyst (MAP 443) A
Element | Weight % | Atomic % IR 918

CK 1231 21.02 907

0K 44.27 56.76
Cak 43.43 22.23 30 -

The absence of magnesium 701

in the shell catalyst confirms
that CaO is the sole active phase,
whereas the limestone catalyst 60 -
contains both CaO and MgO.
The higher calcium content in
the shell (43.43 wt%) compared 50 1
to limestone (27.65 wt%) reflects
pure aragonite in shells versus

dolomitic limestone containing 40
both calcium and magnesium
carbonates. 301

5. 1. 4. Fourier-transform
infrared spectroscopy 20 1
Fig. 6,7 present the FTIR

4000 3000 2000 1000

spectra. Both spectra show 1/em
strong bands at 1400 cm™!

(CO? asymmetric stretch- Fig. 6. Fourier-transform infrared spectrum of limestone catalyst (IR 918)

ingvs), 875cm™ (COY out-

of-plane bending ), 711 cm™ (CO?” in-plane bending v,), and Table 3 summarizes the FTIR absorption bands identified

3643 cm™! (O-H stretching of Ca(OH),), indicating residual  in both catalysts and their corresponding functional group
CaCOj3 and Ca(OH), in both catalysts [12]. The limestone spec-  assignments based on published reference data for calcined
trum also has a band at 470 cm™! attributable to Ca-O/Mg-O  calcium carbonate materials.
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Fig. 7. Fourier-transform infrared spectrum of shell catalyst (IR 919)



Table 3

FTIR absorption bands and assignments for the limestone-derived and shell-derived catalysts

Wavenumber (cm~!) IR 918 (Limestone) IR 919 (Shell) Intensity Assignment
3643 v v Strong O-H stretching, Ca(OH),
2982 v v Weak C-H stretching
2874 v v Weak C-H stretching
2511 v v Medium CO?" - combination band
1796 v v Medium CO? combination band
1400 v v Very strong CO? v; asymmetric stretching
1067 v - Medium COI symmetric stretching
876 v v Strong COZ v, out-of-plane bending
712 v v Medium COZ" v, in-plane bending
471 v - Medium Ca-O/Mg-O lattice vibration

Note: v - detected; “~” — not detected.

The key distinguishing feature between the two catalysts
is the presence of absorption bands at 1067 and 471 cm™' in
the limestone spectrum that are absent in the shell spectrum.

The band at 471 cm~! is attributed to Ca-O/Mg-O lattice vi-

brations, providing additional spectroscopic evidence for the
presence of MgO in the limestone-derived catalyst, consistent
with XRD and EDX findings. The strong band at 3643 cm~!

in both spectra confirms the presence of Ca(OH),, indicating
partial rehydration of CaO upon exposure to atmospheric
moisture during handling and storage [12].

5.2. Biodiesel yield
The experimental results presented in Tables 4-6 show
the following yield ranges for the three catalyst systems.

Table 4
Shell-derived catalyst results
Run Time (min) Cat. (Wt%) Us (W) 0il (g) MeOH (g) Cat. (g) BD (g) Yield (%)
1 90 4 56.0 4.80 2.47 0.19 4.300 89.6
2 60 5 56.0 4.80 2.47 0.24 4.290 89.4
3 120 3 56.0 4.80 2.47 0.14 4.790 99.8
4 60 5 56.0 4.80 2.47 0.24 4.280 89.2
5 60 3 56.0 4.80 2.47 0.14 4.174 87.0
6 90 4 56.0 4.80 2.47 0.19 4.310 89.8
7 120 3 56.0 4.80 2.47 0.14 4.780 99.6
8 140.45 4 56.0 4.80 2.47 0.19 4.370 91.0
9 39.55 4 56.0 4.80 2.47 0.19 4.190 87.3
10 90 4 56.0 4.80 2.47 0.19 4.310 89.8
11 120 5 56.0 4.80 2.47 0.24 3.880 80.8
12 60 3 56.0 4.80 2.47 0.14 4.160 86.7
13 90 4 56.0 4.80 2.47 0.19 4.290 89.4
14 90 5.68 56.0 4.80 2.47 0.27 3.930 81.9
15 90 4 56.0 4.80 2.47 0.19 4.300 89.6
16 120 5 56.0 4.80 2.47 0.24 3.880 80.8
17 90 2.32 56.0 4.80 2.47 0.11 4.590 95.6
Table 5
Limestone-derived catalyst results
Run Time (min) Cat. (Wt%) Us (W) Oil (g) MeOH (g) Cat. (g) BD (g) Yield (%)
1 90 4 56.0 4.80 2.47 0.19 4.690 97.7
2 60 5 56.0 4.80 2.47 0.24 4.400 91.7
3 120 3 56.0 4.80 2.47 0.14 4.320 90.0
4 60 5 56.0 4.80 2.47 0.24 4.390 91.5
5 60 3 56.0 4.80 2.47 0.14 4.410 91.9
6 90 4 56.0 4.80 2.47 0.19 4.700 97.9
7 120 3 56.0 4.80 2.47 0.14 4.310 89.8
8 140.45 4 56.0 4.80 2.47 0.19 4.350 90.6
9 39.55 4 56.0 4.80 2.47 0.19 4.285 89.3
10 90 4 56.0 4.80 2.47 0.19 4.680 97.5
11 120 5 56.0 4.80 2.47 0.24 4.560 95.0
12 60 3 56.0 4.80 2.47 0.14 4.400 91.7
13 90 4 56.0 4.80 2.47 0.19 4.690 97.7
14 90 5.68 56.0 4.80 2.47 0.27 4.400 91.7
15 90 4 56.0 4.80 2.47 0.19 4.690 97.7
16 120 5 56.0 4.80 2.47 0.24 4.560 95.0
17 90 2.32 56.0 4.80 2.47 0.11 4.200 87.5




Table 6 5. 3. Response surface analysis

Mixed catalyst (shell + limestone, 1:1) results Shell
Run | Time (min) | Cat. (wt%) | US (W) | Oil (g) | MeOH (g) | Cat. (g) | BD (g) | Yield (%) Y =89.62+1.11x, - 4.09x, - 0.16x7 —
1 90 4 56.0 | 4.80 247 0.19 | 4.290 89.4 ) )
-0.31x. -5.33x,x, (R =0.9996 ).
2 60 5 56.0 | 4.80 247 024 | 4.710 98.1 2 172 ( )
3 120 3 56.0 | 4.80 2.47 0.14 | 4.680 97.5 Limestone
4 60 5 56.0 | 4.80 2.47 0.24 | 4.700 97.9
5 60 3 56.0 4.80 2.47 0.14 4.790 99.8 Y =97.70+0.40x, +1.23x, - 2.75x12 -
6 90 4 56.0 | 4.80 247 0.19 | 4.300 89.6 R s
7 120 3 56.0 | 4.80 247 014 | 4690 | 977 -2.88x; +1.33x,x, (R = 0'9992)'
8 140.45 4 56.0 | 4.80 247 0.19 | 4.710 98.1 Mixed
9 39.55 4 560 | 4.80 247 019 | 4790 | 998 1xe
10 90 4 56.0 4.80 2.47 0.19 4.290 89.4 Y =89.82-1.18x, - 1.11x, + 3'49x12 +
11 120 5 56.0 | 4.80 247 024 | 4.490 93.5 s s
12 60 3 560 | 480 | 247 014 | 479 | 998 +3.41x] -0.57x,x, (R* =0.9598).
13 90 4 56.0 | 4.80 247 0.19 | 4.310 89.8 ) _ ) .
14 90 5.68 560 | 4.80 247 027 | 4690 | 977 Limestone: maximum at 93.9 min,
5 % 2 56.0 130 547 019 | 4310 39.8 4.24wt% (97.9%). Shell: saddle point.
16 120 5 56.0 2.80 247 0.24 2.490 935 Mixed: minimum at center, yields increas-
17 90 2.32 56.0 | 4.80 247 0.11 | 4.790 99.8 ing toward edges.

The three-dimensional response sur-
Note: Shell: 80.8-99.8% (mean 89.2 + 5.4%). Limestone: 87.5-97.9% (mean 93.2 + 3.5%). faces (Fig. 8) and contour plots (Fig.9)
Mixed: 89.4-99.8% (mean 95.4 + 4.3%). ANOVA: F = 8.18, p < 0.05. Mixed > shell (t = 3.99, visually confirm these distinct geome-
p < 0.05); limestone > shell (t = 2.56, p < 0.05); limestone vs mixed: not significant (t = 1.43).  tries.
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Fig. 9. Contour plots of biodiesel yield: a — shell-derived catalyst; b — limestone-derived catalyst; ¢ — mixed catalyst

The contour plots confirm three distinct geometries:
elliptical contours centered on a maximum for limestone,
a saddle-shaped gradient for shell with yield rising toward
low catalyst loading, and an inverted pattern for the mixed
catalyst with a minimum at the center and yields increas-
ing toward the design boundaries.

6. Discussion of catalyst performance and response
surface geometry

The catalyst characterization results come from XRD
patterns (Fig. 1), SEM micrographs (Fig. 2, 3), EDX spectra
and quantification (Fig. 4, 5, Tables 1, 2), and FTIR spectra

and band assignments (Fig. 6, 7, Table 3). All three methods
agree that shell calcination at 900°C produces predominantly
CaO (Ca 43.43 wt%, no Mg), while limestone yields mixed
Ca0-MgO (Ca 27.65 wt%, Mg 13.59 wt%). The FTIR band at
470 cm~! in the limestone catalyst, absent in the shell, further
corroborates the presence of MgO. These results are consis-
tent with the dolomitic composition of Madura limestone
reported in [12]. The SEM images show two very different
particle shapes: sub-micron granular aggregates (limestone)
versus plate-like lamellar fragments (shell).

The yield comparison gave mean values of 89.2, 93.2, and
95.4% for shell, limestone, and mixed catalysts, respective-
ly (from individual-run data in Tables4,5, 6, computed via
eq. (2)). These fall within the range reported elsewhere. In [10]



over 96% was achieved with clam shell CaO; in [9] up to 98%
with CaO-MgO. Notably, the limestone catalyst in this study
achieved a mean yield of 93.2% through direct calcination
combined with ultrasonic irradiation, substantially exceed-
ing the 16.45% reported in [12] for directly calcined Madura
limestone without ultrasonic assistance. While in [12] CHD
treatment with PEG surfactant and NiO impregnation were
required to reach 90%, the present study shows that ultrason-
ic irradiation alone can compensate for the low surface area
of directly calcined limestone by enhancing mass transfer
through acoustic cavitation.

The effects of reaction time and catalyst loading were
captured by the central composite design. The three cata-
lysts gave different response surfaces, shown in Fig. 8 (3D)
and Fig.9 (contour projections). The limestone cata-
lyst (Table 5, Fig. 8, b, 9, b) showed a convex surface with
a clear maximum at 93.9 min and 4.24 wt% (predicted
yield 97.9%). Both eigenvalues of the Hessian matrix were
negative (A; = —4.29, A, = —6.96), confirming a genuine
maximum. This means the center of the design space is
near-optimal for limestone, and pushing further would
bring only small gains.

The shell catalysthad asaddle point (Table 4; Fig. 8, a, 9, a)
(A = +4.86, A, = —5.80), meaning yield rises in one direction
but falls in the other. The strong interaction term (x;x, coeffi-
cient = —5.33, the largest in the model) controls the response:
yield reached 99.7% at long reaction time with low catalyst
loading (120 min, 3 wt%) but dropped to only 80.8% at long
time with high loading (120 min, 5 wt%). Excess shell CaO
may slow the reaction through increased viscosity of the re-
action mixture, formation of calcium diglyceride on the cata-
lyst surface, or mass transfer limitations caused by excessive
solid loading in the ultrasonic field.

The mixed catalyst produced an inverted surface (Table 6,
Fig. 8, ¢, 9, ¢) (both eigenvalues positive: 1; = +7.48, A, = +6.32),
confirming a minimum at the center of the design space
(95.5 min, 4.18 wt%, predicted 89.6%). Yield climbed toward the
corners and axial points, reaching up to 99.8%. This unusual
pattern suggests that the complementary interaction between
CaO and MgO is more effective under conditions that deviate
from the center point. The lower R? for this model (0.9598
versus >0.999 for the other two) also indicates that additional
factors not captured by the two-variable design may influence
the mixed catalyst’s performance, and a broader design could
clarify this.

Effective acoustic power of 56.0 W at 28 kHz (deter-
mined by calorimetric calibration via eq. (1)) (56% of nom-
inal 100 W) shows why calorimetric calibration matters.
All catalysts produced mean yields above 89% under these
conditions.

This study has several limitations. The results apply
only to the small batch size used (4.8 g castor oil), and
scaling behavior is unknown. The yield was determined
gravimetrically, which may overestimate the true FAME
conversion due to trace impurities not fully removed by
washing. The reaction temperature was not controlled and
rose from approximately 28 to 50°C through cavitation
heating. These conditions define the boundaries within
which the results are valid.

The study also has specific disadvantages. Biodiesel
fuel properties (density, viscosity, flash point, cetane
number) were not measured against ASTM D6751 or EN
14214, so the product quality remains unverified. Catalyst

reusability was not tested, leaving the practical lifetime
and regeneration requirements unknown. The two-factor
CCD captured only reaction time and catalyst loading;
other variables such as methanol-to-oil ratio, temperature,
and catalyst particle size were held constant and their effects
were not explored.

Future work should address these gaps. GC-MS analysis
would provide accurate FAME purity to replace the gravimet-
ric proxy. Testing at larger batch scales (100-500 g oil) would
confirm whether the response surface patterns observed here
hold under more realistic production conditions. Reusability
trials over multiple reaction cycles would establish the practi-
cal economic advantage of these natural catalysts. A broader
experimental design that includes temperature and methanol
ratio as additional factors could clarify the unusual inverted
response surface of the mixed catalyst.

7. Conclusions

1. Characterization by XRD, SEM-EDX, and FTIR con-
firmed that calcination at 900°C for 5 h converts shell into
single-phase CaO (Ca 43.43 wt%) and limestone into mixed
Ca0-MgO (Ca 27.65 wt%, Mg 13.59 wt%), with distinct mor-
phologies that reflect the dolomitic versus aragonite origin of
each precursor.

2. Under calibrated ultrasonic irradiation (56.0 = 4.2 W
at 28 kHz), the mixed catalyst gave the highest mean yield
(95.4 + 4.3%), followed by limestone (93.2%) and shell (89.2%;
ANOVA F = 8.18, p < 0.05). The limestone yield of 93.2% by
direct calcination and sonication alone far exceeded the 16.45%
reported for the same limestone without sonication, con-
firming that acoustic cavitation compensates for low catalyst
surface area.

3. The biodiesel yield for each catalyst was described by
a second-order polynomial relating two input variables (reac-
tion time and catalyst loading) to one output variable (yield).
For limestone, both linear terms were positive and both
quadratic terms were negative, producing a convex surface
with a maximum (97.9% at 93.9 min, 4.24 wt%); reaction time
and catalyst loading had comparable influence. For shell, the
interaction term dominated, producing a saddle point where
increasing catalyst loading reversed the effect of longer reac-
tion time. For the mixed catalyst, both quadratic terms were
positive, producing a concave surface with a minimum at the
center and yields increasing toward the design boundaries.
These are three qualitatively different optimization land-
scapes from the same experimental design, indicating that
catalyst source governs response surface geometry, not only
yield magnitude.
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