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Abstract: This research focuses on deducing the kinetic mechanism for biodiesel production catalyzed
by a CaO nanocatalyst derived from waste cockle shells via thermal hydration–dehydration treatment.
In addition, the CaO nanocatalyst preparation method via thermal hydration–dehydration-related
parameters (hydration duration, recalcination temperature, and recalcination duration) was studied
and optimized. The transesterification reaction catalyzed by the CaO nanocatalyst followed the
Langmuir–Hinshelwood kinetic mechanism with surface reaction as the rate-limiting step. The
relatively low activation energy (3786.7 J/mol) for a transesterification reaction offered by the
CaO nanocatalyst enhanced the reaction rate to 27.3% FAME yield/hr. The optimal conditions
for the thermal hydration–dehydration treatment used to develop the nano CaO catalyst were
6 h of hydration duration, 650 ◦C of recalcination temperature, and 3 h of recalcination duration.
Of biodiesel yield, 94.13% was obtained at a moderate temperature of 60 ◦C and 3 h reaction time
during the transesterification of palm oil catalyzed by the nano-CaO. SEM, BET, and TPD results
proved that the CaO nanocatalyst had a large surface area (13.9113 m2/g) and high pore volume
(0.0318 cm3/g) that were rich in active sites (1046.46 µmol CO2/g), and the pore diameter (33.17 nm)
was accessible to reactants and products.

Keywords: transesterification; biodiesel; nanocatalyst; fatty acid methyl ester (FAME); kinetic mecha-
nism; rate law

1. Introduction

The rapid growth of the human population and industrialization has caused the
fast diminishment of energy resources. The total global energy consumption is gradu-
ally increasing, and it marked at around 14,000 million tons of oil equivalent (MTOE) in
2019 [1]. Among fuel types, crude oil is still the main energy source, followed by nat-
ural gas and coal [1]. In order to ensure a sustainable energy supply in the future, the
search of promising renewable fuel is a must. Thus, renewable-energy resources were
discovered such as nuclear energy, hydroelectricity, and wind energy [2–4] to replace fossil
fuels, since renewable-energy resources originate from natural cycles that are infinite and
never exhausted.

Among renewable-energy resources, biodiesel has massive potential to replace crude
oil. Biodiesel is a sustainable renewable resource and environmentally friendly compound.
Compared to fossil fuels, the utilization of biodiesel as fuel reduces emissions of carbon
monoxide, unburned hydrocarbons, and net carbon dioxide emissions per life cycle by
significant amounts of 47%, 45%, and 78%, respectively [5]. The utilization of biodiesel
power by vehicles can offset carbon dioxide emissions, as carbon dioxide emitted from
biodiesel is eventually consumed by plants for photosynthesis [4]. Therefore, the burning
of biodiesel does not contribute to global warming. Air pollution and acid rain can also
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be minimized to a certain extent because of the significant reduction of sulfur content
in biofuel [6]. Biodiesel can be applied in conventional diesel engines with a simple
modification [3]. In comparison, biodiesel gives higher lubricity and durability than
conventional diesel fuel does due to the absence of sulfur [7].

Nevertheless, biodiesel still cannot substitute crude oil as a primary energy source due
to the comparatively higher selling price. The high production cost of biodiesel is partly
due to difficulties in developing cheap catalyst materials with excellent catalyst properties.
There are three different kinds of catalysts that are utilized in the transesterification process:
acid [8], base [9], and enzyme [10] catalysts. Base and acid catalysts are more common
compared to the enzyme ones, as they require a long chemical reaction for completion, and
the enzyme operation cost is high [2]. Some problems arise during the transesterification
reaction catalyzed by homogeneous catalysts, though homogeneous catalysts have better
catalytic performance than that of heterogeneous catalysts [11]. The recovery of homoge-
neous catalysts involves a series of work steps, such as the neutralization of acidic or basic
catalysts, the generation of large amounts of wastewater, and biodiesel drying with high
moisture content at the end of the separation process. As a result, the operation cost is
high, and the total duration of biodiesel production is long; thus, homogeneous catalysts
are not favorable [12,13]. On the other hand, the operation of transesterification reaction
with heterogeneous catalysts is usually cheap, with a simpler separation process, and the
catalysts are more environmental friendly [14].

Nonetheless, there are some disadvantages with heterogeneous catalysts, such as a
slower reaction rate, difficulty in catalyst preparation, and operating conditions are more
energy-intensive [15,16]. The literature review showed that a calcium oxide (CaO) catalyst
derived from different waste resources, such as egg shells [17] and abalone shells [18],
possesses good catalytic activity with a biodiesel yield ranging 80–90%. The catalytic
behaviors of CaO (derived from the same precursor) in the transesterification reaction
to produce biodiesel from different types of cooking oil feedstock were similar. The
literature review showed that researchers had used CaO as catalyst to produce biodiesel
from different oil feedstocks, such as waste cooking oil [19], soybean oil [20], and sunflower
oil [21]. However, catalytic performance is considered low in terms of reaction time, as it
required more than 6 h to achieve high biodiesel yield. This low catalytic activity is due to
the lower basicity than that of pure CaO and the reduced surface area of waste-material-
derived CaO catalysts. The reaction rate of biodiesel can be improved by developing
nanosized CaO catalysts. Following previous studies of developing micron-sized calcium
oxide catalysts from egg shells and abalone shells, the current study aimed to synthesize a
calcium oxide nanocatalyst derived from waste cockle shells by using the simple method
of hydrolysis reaction and heat treatment.

Nanoparticles can be synthesized through two different methods, either a top–down or
a bottom–up approach [22]. The bottom–up approach needs the reaction or agglomeration
of suitable starting molecules with or without structure-directing agents [23], such as the
sol-gel method, template-directed, precipitation, and microemulsion. For the top–down
approach, bulk material is broken down into smaller particles by mechanical grinding [24],
thermal breakdown [25], or chemical breakdown [26]. In comparison, the bottom–up
approach involves critical reaction conditions with expensive precursors and structure-
directing agents [27]. The top–down approach was preferable for the development of
a heterogeneous nanosized CaO catalyst since natural-resource-derived catalysts have
minimal pollution impact compared to catalysts synthesized from chemical substances.

In this research, the nano CaO catalyst was prepared via thermal hydration–dehydration
treatment on waste cockle shells, with only water and heat applied. Parameters related to
catalyst preparation via the thermal hydration–dehydration treatment, such as hydration
duration, recalcination temperature, and recalcination duration, were studied and optimized.
Characterization studies of nano CaO catalysts were carried out by using X-ray diffraction
analysis (XRD), scanning electron microscopy (SEM) and Brunauer–Emmett–Teller (BET). The
catalytic activity, and physical and chemical properties of the nano CaO catalysts prepared via
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thermal hydration and dehydration treatments were compared with those of CaO catalysts
prepared via the calcination method and waste cockle shells. Lastly, a kinetic mechanism for
the transesterification process that was catalyzed by nano CaO catalysts derived from waste
cockle shells was developed and verified with kinetic data.

2. Materials and Methods
2.1. Materials

Buruh brand palmitic cooking oil was used to represent palm oil as oil feedstock for
the transesterification reaction, and it was purchased from a grocery shop located in Bandar
Sungai Long, Malaysia. Methanol (CH3OH) and hexane (C6H14) of analytical grade with
99% purity were procured from Merck, Malaysia Ltd. Methyl heptadecanoate of analytical
grade with 99% purity was purchased from Sigma Aldrich, Malaysia Ltd. and used as
internal standard for gas-chromatography (GC) analysis.

2.2. Catalyst Preparation
2.2.1. Catalyst Prepared via Calcination Method

Waste cockle shells were washed and then rinsed with tap water. Cleaned cockle shells
were dried in an oven at 80 ◦C overnight to remove water content. Cockle shells were then
crushed into small pieces. Crushed cockle shells were then calcined in the furnace at 900 ◦C
for 3 h.

2.2.2. Catalyst Prepared via Thermal Hydration and Dehydration Method

The first stage of the thermal hydration and dehydration treatment is similar as the
catalyst preparation method mentioned in Section 2.2.1. After the thermal treatment, CaO
powder underwent hydration with distilled water at 60 ◦C for 3 h. The precipitate was
then filtered and dried in the oven overnight at 80 ◦C to remove remaining water content.
The hydrated CaO was recalcined in the furnace at 650 ◦C for 2 h. After the dehydration
stage, a fine white powder of the nano CaO catalyst was synthesized.

2.3. Parameter Effects

The effects of important parameters related to thermal hydration and dehydration
treatment such as hydration duration, recalcination temperature, and recalcination duration
were studied and optimized with the one-factor-at-a-time method. The effect of hydration
duration was first optimized with varied duration (3, 4, 5, and 6 h). The other parameters
of recalcination temperature and recalcination duration were constant at 650 ◦C and 3 h,
respectively. After the optimal hydration duration had been determined, recalcination
temperature was varied at 650, 750, 850, and 950 ◦C, while recalcination duration was
constant at 3 h. Lastly, the recalcination-duration effect was studied at various values of 2,
3, 4, and 5 h.

2.4. Transesterification Reaction

The catalytic activity of the CaO catalyst in the transesterification reaction was evalu-
ated on the basis of achieved biodiesel yield. The transesterification reaction was performed
in a 250 mL round-bottomed flask equipped with a condenser. Approximately 150 mL of
cooking oil was mixed with methanol at a 8:1 methanol-to-oil molar ratio, and the mixture
was stirred at 350 rpm [18]. The reaction was operated at a temperature of 60 ◦C and
catalyzed with a 3 wt % CaO catalyst [28,29]. The biodiesel sample was collected at every
1 h, with a total duration of 3 h [30]. The biodiesel sample was centrifuged to separate the
biodiesel layer from the mixture solution. The transesterification reaction was as shown
in Equation (1):

Triglycerides + 3Methanol 
 FAME + 3Glycerol (1)
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2.5. Gas-Chromatography Analysis for Biodiesel

The biodiesel was obtained in the form of fatty acid methyl esters (FAME) from
the transesterification of cooking oil that catalyzed by the nano CaO catalyst. There are
four types of FAMEs, namely, methyl linoleate, methyl oleate, methyl palmitate, and
methyl stearate.

The concentration of the produced biodiesel was analyzed by using gas chromatog-
raphy (Perkin-Elmer Clarus 500 GC). Gas chromatography was equipped with NukolTM

FUSED SILICA (with dimensions of 30 m × 0.53 mm × 0.5 µm) and connected to the
flame-ionization detector. Oven temperature was specified at 220 ◦C with a ramping rate
of 10 ◦C min−1. Helium was selected as the carrier gas for analysis with a flowrate of
3 mL min−1.

Then, 250 µL of the internal standard, methyl heptadecanoate, was added into 250 µL
of diluted FAME mixture. Of the mixtures, 1 µL was then injected into GC for analysis. The
objective of this step was to determine the peak location of the methyl esters. The retention
time of the peak location for each of the methyl esters is tabulated in Table 1.

Table 1. Fatty acid methyl ester (FAME) types and their retention time.

FAME Types Molecular Weight (g/mol) Retention Time (min)

Methyl heptadecanoate (IS) 284.48 13.27
Methyl linoleate 294.47 15.88

Methyl oleate 296.49 15.02
Methyl palmitate 270.45 12.17
Methyl stearate 298.50 14.65

Then, 100 µL of the FAME sample from biodiesel production was mixed with 200 µL
of the internal standard, methyl heptadecanoate, with a concentration of 10 g/L. Next,
1 µL of the mixture was injected into GC. The concentration of the respective methyl ester
present in the sample was then calculated by comparing the ratio of the peak methyl ester
area to the peak internal-standard area. Biodiesel yield was calculated on the basis of
Equation (2).

Yield =
Total concentration of methyl esters in biodiesel sample

Theoretical concentration of methyl ester produced
× 100% (2)

2.6. Catalysts Characterization

Numerous characterization studies were carried out to determine the physical and
chemical properties of waste cockle shells, the CaO catalyst prepared via calcination
method, the hydrated CaO, and the nano CaO catalyst prepared via thermal hydration–
dehydration treatment. TGA characterization of the catalysts was performed by using
Perkin Elmer STA 8000. Then, 15 mg of the catalyst sample was subjected to a heating
rate of 20 ◦C min−1 from 40 to 1000 ◦C under a flow of nitrogen gas. XRD of the catalyst
was conducted through a Shimadzu X-ray diffractometer, XRD-6000 model. Cu–Kα ra-
diation with 1.54 Å was used to create diffraction patterns at 40 kV. The catalyst sample
was scanned with 2θ from 20◦ to 80◦ at a scanning rate of 2◦ min−1. The surface mor-
phology and elemental composition of the catalyst were analyzed by SEM coupled with
an EDX instrument, Hitachi S-3400N model. For SEM analysis, the sample was coated
with palladium and gold with an accelerating voltage of 15 kV. The basicity of the catalyst
was analyzed via temperature-programmed desorption (TPD), Thermo Electron TPDRO
1100 model. Surface area, total pore volume, and pore diameter were analyzed by nitrogen
physisorption. The equipment model used for nitrogen physisorption was Micromeritics
3 Flex Version 5.02.
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3. Results
3.1. Catalyst-Characterization Results
3.1.1. Thermogravimetric (TGA) Analysis

Figure 1a shows the sudden declined weight of the waste cockle shells at 650 ◦C; the
weight loss eventually reached a plateau at 875 ◦C. Figure 1a shows mass loss related
to the release of carbon dioxide from the calcium carbonate compound due to thermal
instability [31]. Figure 1b shows two decay steps of mass of hydrated CaO due to the heat
decomposition of hydrated CaO [32].
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The first mass-decay step occurred between 450 and 489 ◦C, and the second decay step
was from 650 to 735 ◦C. The calcium hydroxide break in the calcium hydroxide–calcium
oxide interphase was followed by the evolution of the water molecules during the first
endothermic process. The decomposition of carbonaceous CO2 materials from the catalyst
occurred in the second endothermic process [33]. In summary, the complete transformation
of CaCO3 in the waste cockle shells into the active phase of CaO occurred at 875 ◦C. The
desired recalcination temperature for the hydrated CaO sample was at 735 ◦C to achieve
complete dehydration besides transforming the carbonaceous materials into the active
CaO phase.

3.1.2. X-ray Diffraction (XRD) Analysis

X-ray diffraction was used to identify the phase, crystal structure, and average crystal-
lite size of the CaO catalysts. The XRD diffraction patterns for the waste cockle shells, CaO
catalyst prepared via calcination method, hydrated CaO and nano CaO catalyst prepared
via thermal hydration–dehydration treatment are shown in Figure 2.
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cination method, (c) hydrated CaO, and (d) nano CaO catalyst prepared via thermal hydration–
dehydration treatment.

The sharp peak formation indicated the formation of highly crystalline materials.
In the diffraction pattern of the waste cockle shells, peaks with 2θ values of 26.2◦, 27.2◦,
33.1◦, 36.2◦, 37.9◦, 38.4◦, 42.9◦,45.8◦, 50.2◦, 52.5◦, and 52.9◦ could be indexed to basal
planes (111), (021), (012), (200), (112), (130), (211), (220), (221), (132) and (113) diffraction
for aragonite crystalline form of CaCO3 [34] The peak of 2θ at 32.2◦, 37.3◦, 53.8◦, 64.1◦,
and 67.3◦ could be indexed to the basal planes of (111), (200), (220), (311), and (222) [35]
diffraction of CaO found in the CaO catalyst prepared via the calcination method and
nano CaO catalyst prepared via thermal hydration–dehydration treatment [19]. This again
indicated that the decomposition of calcium carbonate and calcium hydroxide in the nano
CaO catalyst was accomplished during thermal hydration–dehydration treatment [36]. The
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presence of calcium hydroxide peaks at 2θ values of 28.7◦, 34.1◦, 47.1◦, 50.8◦, 54.3◦, 59.4◦,
62.6◦, and 71.8◦ with corresponding basal planes of (001), (101), (102), (110), (111), (021),
(013), and (022) in hydrated CaO [37] is due to the reaction of calcium oxide with water
during the hydration process [33].

3.1.3. Scanning Electron Microscopy (SEM) Analysis

The morphologies of the raw cockle shells, CaO catalyst prepared via calcination
method, hydrated CaO, and the nano CaO catalyst prepared via thermal hydration–
dehydration treatment are shown in Figure 3. The surface of the raw cockle shells exhib-
ited multiple layers of consistent rectangular shape with zero pore structures (Figure 3a).
Figure 3b shows that the CaO catalyst derived from waste cockle shells via calcination
at 900 ◦C presented a rough and porous structure with inconsistent small agglomerated
particles. The formation of small particles with porous structures proved the formation of
calcium oxide [38]. The formation of porous channels could be attributed to the release of
carbon dioxide during the thermal-decomposition process [39].
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Figure 3c shows the hydrated CaO with a spherelike shape that had an uneven rough
surface with low porosity. The porosities of the CaO catalyst prepared via the calcination
method were reduced, and its particle size was increased due to the hydration reaction.
When the CaO catalyst prepared via the calcination method was refluxed in water, there
was a transformation of oxide structures into hydroxide structures, thereby increasing grain
volume [40]. Figure 3d shows that the nano CaO catalyst prepared via thermal hydration–
dehydration treatment had an appearance with highly porous and rough surface with a
honeycomb shape and sharp edges [41]. This was due to the immediate shrinkage of the
expanded hydroxide structures during calcination that caused the cracking on the surface
of the nano CaO catalyst prepared via the thermal hydration–dehydration treatment [42].
The highly porous structures helped to increase the surface area of the nano CaO, which
was beneficial for achieving a higher reaction rate.

Figure 4 shows the surface morphologies of the nano-CaO that was developed under
different hydration durations. As the hydration hours were prolonged, the surface rough-
ness and porosity of the nano CaO catalyst prepared by thermal hydration–dehydration
treatment increased. The nano CaO catalyst pretreated with 6 h hydration duration pre-
sented nonuniform particle sizes and rough surfaces with a high number of sharp edges.
The nano CaO under 3 h hydration treatment, on the other hand, presented rather smooth
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surfaces and bulky particles with minimal pore structures. The prolonged hydration du-
ration enhanced the formation of calcium hydroxide. The immediate water evaporation
from the hydrated catalyst during calcination helped to increase the formation of irregular
particle sizes with dense pores [40]. Thus, the catalytic properties of the nano CaO catalyst
were enhanced by the thermal hydration–dehydration treatment.
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Figure 5 shows the surface morphologies of the nano CaO catalysts under different
recalcination-temperature treatments. Nano CaO catalysts that developed under 950 ◦C
recalcination temperature had the smoothest surface, while nano CaO catalysts recalcined
at 650 ◦C had the roughest. As recalcination temperature increased, the sharp edges began
to accumulate and stacked together, which further reduced the rough surface of the nano
CaO catalysts, and the porous structures were demolished. This phenomenon was related
to the sintering effects that commonly occur at high recalcination temperatures [43].
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Figure 6 shows the SEM images of nano CaO catalysts prepared under different
recalcination durations. For nano CaO catalysts prepared under 2 h of recalcination,
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the structures were low in porosity with less surface roughness. Compared to 3 h of
recalcination, noticeable sharp edges and porous structures were observed. The sharp
edges and pores on the surface of the nano CaO catalysts were gradually demolished once
recalcination continued for longer than 3 h. This phenomenon is related to the sintering
effects resulting from prolonged recalcination [33]. In summary, 6 h of hydration duration,
650 ◦C of recalcination temperature, and 3 h recalcination duration resulted in irregularly
sized small particles with a high number of sharp edges and pores.
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3.1.4. Energy-Dispersive X-ray (EDX) Analysis

Table 2 shows the EDX results for four different samples. The elements that presented
in the raw cockle shells were calcium, oxygen, and carbon.

Table 2. EDX results for samples.

Samples
Average Weightage (wt %)

C O Ca

Waste cockle shells 12.48 44.64 41.20
CaO catalyst prepared via calcination treatment 0.00 16.72 83.28
Hydrated CaO 4.23 35.31 60.47
Nano CaO prepared via thermal
hydration–dehydration treatment 2.29 16.06 75.65

For CaO catalysts prepared via the calcination method, hydrated CaO, and nano
CaO catalysts prepared via thermal hydration–dehydration treatment, the major detected
elements were calcium and oxygen, which indicated that the removal of carbon dioxide
occurred during calcination treatment. Mild content of carbon and oxygen elements in
CaO catalyst prepared via calcination method and nano CaO catalyst prepared via thermal
hydration–dehydration treatment showed that the catalysts mostly occupied CaO active
sites, reflecting its better catalytic activity. According to Rodriguez-Garcia et al. [44], the
presence of carbon atoms in the catalyst was due to the contamination of the catalyst with
CO2 when the catalyst was exposed to the atmosphere.

3.1.5. Temperature-Programmed Desorption (TPD) Analysis

The basicity of catalysts indicated the number of available active sites in the catalyst
during the chemical reaction. In order words, the catalyst with higher basicity had better
catalytic performance compared to the catalyst with lower basicity [40]. The basicity of
the CaO catalyst prepared via the calcination method and the nano CaO catalyst prepared
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via thermal hydration–dehydration treatment was determined by using temperature-
programmed desorption (TPD) analysis. Table 3 shows the total basicity of both catalysts.

Table 3. Total catalyst basicity.

Catalyst Total Basicity (µmol CO2/g)

CaO prepared via calcination method 464
Nano CaO prepared via thermal hydration–dehydration treatment 1046

Table 3 shows that the nano CaO catalyst had total recorded basicity of 1046 µmol
CO2/g, which was twice higher than the CaO catalyst’s basicity (464 µmol CO2/g). This
proved that the number of active sites in the nano CaO catalyst was greater than that of the
CaO catalyst. Thus, the catalytic performance of the nano CaO catalyst was successfully
enhanced by the thermal hydration–dehydration treatment.

3.1.6. Nitrogen Physisorption

The nitrogen physisorption results in Table 4 show that the thermal hydration–
dehydration method enhanced the surface morphology of the CaO catalyst in terms of
surface area and total pore volume.

Table 4. Nitrogen physisorption results of CaO catalyst prepared via calcination treatment and nano CaO catalyst prepared
via thermal hydration–dehydration treatment.

Sample Multipoint BET
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

Biodiesel Yield at 3 h
Reaction Time (%)

CaO catalyst prepared via
calcination treatment 0.710 ± 0.004 0.006 124 10

Nano CaO catalyst prepared via thermal hydration–dehydration treatment
650 ◦C recalcination temperature 13.9 ± 0.2 0.032 33.2 94
950 ◦C recalcination temperature 10.2 ± 0.08 0.022 41.8 49

The nano CaO catalyst (at 650 ◦C recalcination temperature) had higher surface area
and total pore volume of 13.9 m2 g−1 and 0.032 cm3 g−1, respectively, compared to those of
the CaO catalyst prepared via the calcination method, with 0.710 m2 g−1 and 0.006 cm3 g−1,
respectively. The pore diameter of the CaO catalyst was mildly affected by the thermal
hydration–dehydration treatment where the pore diameters of the CaO catalyst and nano
CaO were 124 and 33.2 nm, respectively. The nano CaO catalyst that developed under a
calcination temperature of 650 ◦C had higher surface area and pore volume than those of
the calcination temperature of 950 ◦C. The sintering effect occurred in the structure of the
nano CaO catalyst when the catalyst was developed under high recalcination temperatures
of 950 ◦C and above. The sintering effect is the change in catalyst structures with small
particles tending to chemically bind together to form large particles under heat treatment.
The sintering effect always results in low BET surface area and low pores volumes [45].
During the sintering effect, active CaO sites tended to agglomerate and reduce the surface
area of the nano CaO catalyst [46].

The average pore diameter of the nano CaO particles could affect the reaction rate
of transesterification. According to Chang, H.J. and Crynes [47], a smaller pore diameter
may cause product accumulation inside the pores, which can deactivate the active sites.
In contrast, the rate of reaction may not be affected by a larger pore diameter due to the
slow accumulation of products. Table 3 shows that the rate of reaction and biodiesel yield
were not influenced by the smaller pore diameter of the nano CaO catalysts (33–41 nm)
compared to the pore diameter of CaO catalyst (124 nm). Thus, the limiting factor of the
smaller pore diameter in the nano CaO catalyst can be eliminated.

Triglycerides and methanol were the reactants for transesterification reaction. Four
major types of fatty acids were found in palm oil, namely, palmitic acid, stearic acid, oleic
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acid, and linoleic acid. According to Shuit et al. [48], palmitic acid has a spatial width
of 0.37 nm, stearic acid of 0.25 nm, oleic acid of 0.72 nm, and linoleic acid of 1.13 nm.
Methanol molecules have a kinetic diameter of around 0.39 nm [49]. For the products of
the transesterification reaction, the molecular size of glycerol and biodiesel was 0.10 and
0.64 to 1.52 nm, respectively [50]. Thus, available active sites at the inner pores of the nano
CaO catalyst, with an average pore diameter of 33–41 nm, were accessible to reactants and
products with molecular sizes of 0.10–1.52 nm.

3.2. Optimization of Thermal Hydration–Dehydration Treatment
3.2.1. Effect of Hydration Duration

Figure 7 shows that the biodiesel yield increased with increased hydration duration.
Biodiesel yield increased according to the following sequence of hydration duration: 4 h
< 5 h < 6 h. The increasing trend of biodiesel yield with lengthy hydration duration was
reported by Asikin-Mijan et al. [40],. During the hydration treatment on the CaO catalyst,
a hydroxylation reaction occurred on the surface of CaO, which promoted the formation
of hydroxides. The CaO catalyst with many hours of contact with water accelerated
the growth of the Ca(OH)2 layers. The heat decomposition of water molecules from
the Ca(OH)2 lattice structure during recalcination led to the fractionation of crystallites
into smaller particle sizes, thus promoting high surface area, high porosity, and pore
volume [51] The morphology of the catalysts was examined via SEM analysis, and the
characterization results agreed with catalytic performance. Results proved that prolonged
hydration duration enhanced the catalytic activity of the catalysts, thereby leading to high
biodiesel yield. The 6 h duration was determined to be the optimal hydration duration in
subsequent optimization studies.
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3.2.2. Effect of Recalcination Temperature

Figure 8 shows that biodiesel yield was inversely proportional to recalcination tem-
perature. For a 3 h reaction, the highest achieved biodiesel yield was 91.3% for the catalyst
recalcined at temperature of 650 ◦C. The achieved biodiesel yield was reduced with in-
creased recalcination temperature, where only 52.66% biodiesel yield was achieved for the
catalyst recalcined at 950 ◦C. This occurrence can be linked to the sintering effects of the
nano CaO catalyst when recalcined under high temperatures [43]. As calcination tempera-
ture increased, the rough structure of the nano CaO catalyst was gradually demolished due
to the agglomeration of small particles. The morphology of the catalysts was discussed in
SEM analysis, and the characterization results agreed with catalytic performance.
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According to Smith et al. [43], the highest biodiesel yield was obtained when the
reaction had been catalyzed by the catalyst prepared under 650 ◦C calcination temperature.
As the calcination temperature of the prepared catalyst gradually increased from 650 to
1100 ◦C, a decreasing trend of biodiesel yield was observed. In the current study, 650 ◦C
was selected as the optimal recalcination temperature in subsequent optimization studies.

3.2.3. Effect of Recalcination Duration

Figure 9 shows that prolonged recalcination of more than 4 h can gradually reduce
biodiesel yield. For the nanocatalyst recalcined for 3 h, the highest achieved biodiesel yield
was 94.13% at 3 h reaction time, whereas the lowest biodiesel yield of 30.15% was achieved
with the nanocatalyst recalcined for 5 h. This is because the sintering effects occurred in
the nano CaO catalyst when the catalyst was recalcined for more than 4 h.
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The small particles in the nano CaO catalyst started to agglomerate and form larger
particles. This indirectly reduced the number of active sites and the specific surface area
of the nano CaO catalyst prepared via thermal hydration–dehydration treatment [46].
The morphologies of the catalysts were discussed in SEM analysis, and characterization
results agreed with catalytic performance. In the study, 3 h was selected as the opti-
mal recalcination duration for nano CaO catalyst preparation via the thermal hydration–
dehydration treatment.

3.3. Kinetic Mechanism

A kinetic study was carried out on the transesterification reaction catalyzed by the
nano catalyst derived from waste cockle shells. The kinetic mechanism of the nano CaO
catalyst prepared via thermal hydration–dehydration treatment was deduced, followed by
the development of kinetic model. Stoichiometrically, one unit of triglycerides (TG) reacted
with three units of methanol (M) to obtain three moles of biodiesel (FAME) and one mole
of glycerol (G). The reaction steps for biodiesel production are below:

Adsorption: TG + S 
 TG.S

ra = kaCTGCS − k−aCTG.S (3)

where ra = reaction rate of adsorption; ka = rate constant of forward reaction; k−a = rate
constant of backward reaction; CTG = concentration of triglycerides; and CS = number of
vacant sites.

Given that Ka = ka
k−a

, the ratio of the rate constant of the forward reaction to the rate
constant of the backward reaction was

ra = ka(CTGCS −
CTG.S

Ka
) (4)
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Surface reaction: TG.S + M 
 FAME.S + G

rs = ksCTG.SCM − k−sCFAME.SCG (5)

where rs = reaction rate of surface reaction; ks = rate constant of forward reaction; k−s = rate
constant of backward reaction; CM = methanol concentration; CTG.S = concentration of
triglycerides attached to vacant sites; CFAME.S = concentration of FAME attached to vacant
sites; and CG = glycerol concentration.

Given that Ks = ks
k−s

, the ratio of the rate constant of the forward reaction to the rate
constant of the backward reaction was

rs = ks(CTG.SCM −
CFAME.SCG

Ks
) (6)

Desorption: FAME.S 
 FAME + S

rd = kdCFAME.S − k−dCFAMECS (7)

where rd = reaction rate of desorption; kd = rate constant of forward reaction; and k−d = rate
constant of backward reaction.

Given that Kd = kd
k−d

, the ratio of the rate constant of the forward reaction to the rate
constant of the backward reaction was

rd = kd(CFAME.S −
CFAMECs

Kd
) (8)

3.3.1. Derivation of Kinetic-Rate Equation

Some assumptions were made before the derivation of the kinetic-rate equation:

1. Triglycerides were the limiting reactant, whereas methanol was the excess reactant.
2. Triglyceride molecules were attached to the active sites and reacted with free-moving

methanol molecules.
3. Glycerol was free-moving after transesterification, while FAME molecules remained

attached to the vacant sites.
4. The surface reaction was assumed to be a rate-limiting step.

Given that the surface reaction was a rate-limiting step, ra = rd = 0; thus, Equa-
tions (4) and (7) were simplified as

CTG.S = Ka CTGCS (9)

CFAME.S =
CFAMECS

Kd
(10)

The vacant site of nano CaO catalyst could be derived by balancing the total active
sites (Ct):

Ct = CS + CTG.S + CFAME.S (11)

Ct = CS + Ka CTGCS +
CFAMECS

Kd
(12)

Ct = CS(1 + Ka CTG +
CFAME

Kd
) (13)

CS =
Ct

1 + Ka CTG + CFAME
Kd

(14)

Equations (9), (10) and (14) were then substituted into Equation (5):

rs = ksCTG.SCM − k−sCFAME.SCG (15)
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rs = ksKa CTGCSCM − k−s(
CFAMECS

Kd
)CG (16)

rs =
CtksKa CTGCM

1 + Ka CTG + CFAME
Kd

− k−s[
CtCFAME

Kd

(
1 + Ka CTG + CFAME

Kd

) ]CG (17)

Given that methanol was in excess, transesterification was assumed to be irreversible,
and backward reaction could be ignored. As triglycerides were the limiting reactant, the
low concentration produced 1 + Ka CTG ≈ 1. FAME and glycerol detached from the active
site in a rapid rate, and the ratio of CFAME to Kd was approximately zero; thus, Equation (17)
can be simplified to

rs = kCTG (18)

where
k = CtksKaCM

Given that rs = kCTG

− dCTG
dt

= kCTG (19)

with limit CTG = CTG0 at t = 0 gives

ln
CTG0

CTG
= kt (20)

Consequently, the plot slope of ln CTGo
CTG

as a function of time was linear with slope k.

3.3.2. Kinetic Equation and Experiment Data

Figure 10 shows a series of experiment data that were obtained from the transesterifi-
cation of palm oil catalyzed by nano CaO prepared via thermal hydration–dehydration
treatment. The data were fit into the developed kinetic equation. The reaction rate was
constant, and the k value of the transesterification of palm oil catalyzed by nano CaO
prepared via thermal hydration–dehydration treatment was 0.0007 min−1 with an R2 value
of 0.9049. This shows that the kinetic mechanism—deduced on the basis of Langmuir–
Hinshelwood kinetics that involve adsorption reaction, surface reaction, and desorption
reaction—described well the catalytic mechanism of the nano CaO catalyst in converting
triglycerides into biodiesel. Hence, the rate law that was developed on the basis of the
kinetic mechanism could be used to model the transesterification reaction catalyzed by the
nano CaO catalyst.
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3.3.3. Activation Energy and Prefrequency Factor

In order to investigate the activation energy and pre-exponential constant of the
transesterification reaction catalyzed by nano CaO, the Arrhenius equation was plotted.
The derivation of the Arrhenius equation into a linear equation is shown below:

k = Ae
−Ea
RT (21)

Taking the logarithmic form of Equation (21), the equation can be expressed as:

ln k = ln A − Ea

RT
(22)

where k represents rate constants derived from the kinetic model, A is the pre-exponential
constant, R is the universal gas constant (8.314 J/mol·K), T is the absolute temperature in
kelvin, and Ea is the activation energy. Figure 11 shows the Arrhenius plot for transesterifi-
cation reaction of palm oil at 45, 50, 55, and 60 ◦C.

Figure 11 shows that the activation energy and exponential constant calculated from
the Arrhenius plot were 3786.69 J/mol and 1.677 min−1, respectively. According to Freed-
man et al. [52], activation energy normally falls within the range of 33.6–84.0 kJ mol−1

for base-catalyzed transesterification reactions. In the current study, the activation energy
for the transesterification reaction of palm oil catalyzed by nano CaO was lower than the
activation energy of base-catalyzed transesterification reactions. The nano CaO catalyst was
successfully synthesized with the favorable catalytic properties of low activation energy
that led to a high reaction rate and FAME yield.
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4. Conclusions

A nano CaO catalyst with desired catalytic properties was successfully developed
from waste cockle shells via thermal hydration–dehydration treatment. The optimal condi-
tions for thermal hydration–dehydration treatment used to develop the nano CaO catalyst
were 6 h of hydration duration, 650 ◦C of recalcination temperature, and 3 h of recalcination
duration. Of biodiesel yield, 94.13% was obtained at a moderate temperature of 60 ◦C
and 3 h reaction time during the transesterification of palm oil catalyzed by the nano CaO.
The XRD diffraction pattern and elemental results confirmed the transformation of CaCO3
in waste cockle shells to the nano CaO catalyst during thermal hydration–dehydration
treatment. SEM, BET, and TPD results proved the CaO nanocatalyst with the existence of
a large surface area (13.9113 m2/g) and high pore volume (0.0318 cm3/g) that were rich
in vacant active sites (1046.46 µmol CO2/g); the pore diameter (33.17 nm) was accessible
to reactants (triglycerides, methanol) and products (FAME, glycerol). The kinetic mecha-
nism with surface reaction as the rate-limiting step described well the transesterification
reaction of palm oil catalyzed by the nano CaO catalyst. The utilization of the green nano
CaO catalyst in the transesterification reactions significantly reduced activation energy to
3786.69 J/mol, thus accelerating the reaction rate to 27.3% FAME yield/h.
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