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Abstract

Biodiesel is one of the alternative forms of diesel fuel and can be obtained using the transesterification process of waste cooking
oil with a catalyst to accelerate the reaction. The heterogeneous catalyst from waste scallop shells is used due to its potential for
being reused in the subsequent transesterification reactions. Heterogeneous catalysts can also be recycled, contributing to their en-
vironmentally friendly nature. This study aims to identify the performance of recycling a calcium oxide (CaO) catalyst from scallop
shell waste on synthesis biodiesel. The method used is the transesterification method with the basic ingredients of waste cooking
oil using a CaO catalyst. Then, after the transesterification process is complete, the catalyst is separated from the biodiesel and re-
cycled to be reused in the transesterification process up to five times. The biodiesel samples obtained are identified for yield value,
physico-chemical properties, thermal properties and performance. X-ray diffraction characterization results for the CaO catalyst
show that it has a crystal size of 67.83 nm. Scanning electron microscope characterization shows that it has spherical particle shapes.
Fourier transform infrared characterization shows the presence of Ca-O bonds. The highest biodiesel yield value of 74.23% is obtained
in biodiesel Cycle 1. The flash point value of biodiesel samples ranges from 141.2°C to 149°C. Further, all of the biodiesel samples ex-
hibit a cetane number of 75. The highest lower heating value of 38.22 MJ/kg is obtained in biodiesel Cycle 1 and the viscosity of the
biodiesel samples ranges from 5.65 to 5.88 cSt. The density of the biodiesel samples ranges from 881.23 to 882.92 kg/m?. Besides, ester
functional groups (C=0) and methyl functional groups have been successfully formed in all samples, with the methyl oleate com-
pound observed as dominating the biodiesel samples. The cloud point value of the biodiesel samples ranges from 12°C to 13°C, and
their pour point value ranges from 10°C to 12°C. The lead content in biodiesel is 0.8826 mg/kg. The lowest sulphur content is obtained
from biodiesel Cycles 1 and 2 at 0.005%. Performance tests show that biodiesel has lower torque and brake power values than com-
mercial diesel fuel and higher specific fuel consumption values than commercial diesel fuel.
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Introduction

The industrial sector mostly utilizes gas, coal and electricity as
energy sources, apart from diesel oil and fuel oil [1]. Consequently,
fossil fuels are depleting at a concerning rate, suggesting the
need to formulate alternative fuel sources to meet the continu-
ously rising energy demand [2]. By 2050, energy consumption is
expected to accelerate further as it replaces the consumption
of costlier oil fuels, necessitating a focus on reducing the use of
fossil fuels [1].

The increasing use of fossil energy has led to the addition
of greenhouse gases, resulting in climate instability and rising
global temperatures [3, 4]. This has brought a series of environ-
mental challenges, such as the energy crisis and the greenhouse
effect, which have seriously affected the environment on which
humans depend [5]. Efforts to prevent the greenhouse effect are
to replace alternative fossil fuels [6].

Biodiesel is a type of biofuel that can be used as an alternative
fuel for diesel engines [7]. Biodiesel is produced from raw mater-
ials obtained from vegetable oils, animal fats and used cooking
oil [1]. Its production is easy to adjust to the needs, environmen-
tally friendly, non-toxic, biodegradable, has low viscosity and has
a high cetane number [8, 9].

Biodiesel consists of fatty acid alkyl esters and can be pro-
duced by a method called transesterification, which is by reacting
renewable oils such as oils from soybean [10], palm oil [11], sun-
flower oil [12], Jatropha curcas [13], Moringa oleifera [14] and
waste cooking oil [15], and it can be produced from animal fats
using alcohol as primary substance into the esters [16].

The transesterification reaction has the disadvantage of being
a slow process; therefore, the addition of a catalyst is needed
to accelerate the transesterification reaction. Homogeneous
catalysts and heterogeneous catalysts can be used in the
transesterification process. The catalysts commonly used in the
transesterification reaction process on biodiesel are NaOH and
KOH, which are classified as homogeneous base catalysts [17].
Homogeneous catalysts used in the biodiesel transesterification
process have the disadvantage of costing more because the bio-
diesel purification process is more complex [18]. Another disad-
vantage of homogeneous catalysts is the characteristic that they
can dissolve in biodiesel and glycerol, so water is needed to re-
move the dissolved catalyst content [19]. The main disadvantage
of homogeneous catalysts is that they cannot be reused [20].

Catalystreuse is an advantage of heterogeneous catalysts. One
of the reusable catalysts comes from heterogeneous catalysts.
Heterogeneous catalysts are more advantageous than homoge-
neous catalysts because heterogeneous catalysts can be recycled
so that they are more environmentally friendly. The use of hetero-
geneous catalysts in biodiesel transesterification can reduce pro-
duction costs because they are easily separated from the product
medium, can be recycled and are less saponification in the reac-
tion medium during the biodiesel purification process [21]. One of
the materials included in the heterogeneous catalyst type is cal-
cium oxide (Ca0O). CaO is the most sustainable and cost-effective
heterogeneous catalyst [22]. CaO-based catalysts are heteroge-
neous, inexpensive and abundant in nature. CaO-based cata-
lysts can also be obtained from the waste of living things such as
scallop shells [23].

Scallop shells are 97-99% composed of calcium carbonate
(CaCO,) [24]. The calcium contained in scallop shell waste that
can be used as a catalyst for transesterification reactions must go
through a calcination process at high temperatures [23]. The high
level of calcium contained in the scallop shell has the potential

to be the basic material for making CaO as a biodiesel catalyst;
on the other hand, this can also be a breakthrough in overcoming
problems related to the utilization of waste from the processing
of scallop shells that are happening in Indonesia.

1 Novelty

Previous studies have successfully found that shell waste can be
used as an alternative heterogeneous catalyst for biodiesel syn-
thesis using a transesterification reaction [1, 25, 26]. However,
some studies have not found much catalyst recycling perform-
ance from shell waste. The research of Degfie et al. successfully
optimized biodiesel synthesis parameters using CaO catalysts
[27] but the CaO used did not come from shell waste. In this study,
the catalyst base material used is scallop shell waste and the bio-
diesel base material used is used cooking oil; this study also iden-
tifies the effect of recycling CaO catalysts that have previously
been used in the biodiesel transesterification process and reused
in the biodiesel transesterification process up to five times on the
physico-chemical and thermal properties of each biodiesel pro-
duced.

2 Materials and methods

2.1 Materials

Waste cooking oil was obtained from several local fried chicken
sellers. The chemicals used were methanol, sulphuric acid
(H,S0,), n-Hexane and phenolphthalein, and were of analytical
reagent grade from Smart Lab (Indonesian). The catalyst used in
this study came from scallop shell waste obtained from Kampung
Nelayan, Gresik, East Java, Indonesia. Bleaching earth was pur-
chased from a local seller.

2.2 Instrument and apparatus

Three neck flasks, Allihn Condenser glass, a glass funnel, beaker
glass, a pycnometer and a separating funnel were purchased
form Iwaki Glass, Indonesia. A digital stick probe thermometer
was purchased from TENMA, Japan and a hotplate magnetic
stirrer came from Thermo Fisher Scientific, USA. Whatman
filter paper was from SigmaAldrich, USA and a Muffle Furnace
KSL-1750X-KA3 was from MTI Corporation, China. A Centrifuge
LC-04R came from Oregon, China and a WANT Analytical Balance
Model 2204H with Readability 0.1 mg came from WANT Balance
Instrument Company, China. Paraffin Film PM-996 was obtained
from Parafilm, USA and a Vacuum-Desiccator NOVUS DN 150
clear, with a porcelain plate, thread lid GL32 MOBILEX, with PBT
came from Duran Wheaton Kimble, USA.

2.3 Experimental procedures

2.3.1 Preparation of cooking oil

Waste cooking oil was obtained from several local fried chicken
sellers. The collected oil was purified through mixing using
bleaching earth at a ratio of 10:1 for the used cooking oil and
bleaching earth [28]. The mixing of the bleaching earth and the
cooking oil was carried out at 80°C, then it was set aside for 24
hours [29]. The resulting sediment was separated and filtered to
remove the residue.

2.3.2 Preparation of the CaO catalyst

The CaCO, sample from scallop shells was synthesized using
the wet ball milling method through a ‘planetary ball mill’
[30]. This process was performed using a water medium with
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a 3:1 mass fraction from the CaCO, micro powder sample [31].
In this study, four differently sized balls were employed, with
three balls for each size [32]. The sample mass ratio was 1:20
from the mass of the total ball being used in the process [32,
33]. The milling process was carried out for 40 hours, with the
rotation of the milling machine alternating between clockwise
and counterclockwise every 15 minutes [31]. The suspension
resulting from the ball milling was subsequently filtered using
filter paper and the obtained sediment was dried at 110°C using
an oven [34, 35]. The dried sediment was then crushed [34],
followed by calcination at a temperature of 900°C for 2 hours
[36]. After calcination, the catalyst was stored in a vacuum des-
iccator.

2.3.3 Preparation of biodiesel using waste cooking oil and
catalyst recycling

Thepreparedwastecookingoilwasbeusedinthetransesterification
process as shown in Fig. 1. The transesterification process of used
cooking oil into biodiesel was carried out by adding 1 wt% of CaO
with oil to methanol at a 1:8 molar ratio. The mixture was then
stirred at 60°C with a speed of 1400 r.p.m. for 90 minutes [27].
After the transesterification process was complete, the mixture
was then centrifuged for 5 minutes at 3000 r.p.m. to separate the
CaO catalyst [37].

In the CaO catalyst recycling stage, the catalyst that had been
successfully separated was then washed using n-Hexane [38] and
then a filtration process was carried out to filter the CaO catalyst.
The filtrated catalyst was then dried using an oven at 100°C for
12 hours [39]. To achieve an optimal level of fineness, the catalyst

underwent a crushing process for 1 hour. The catalyst was then
calcined at 900°C for 2 hours [36]. After calcination, the crucible
containing the CaO catalyst was sealed using paraffin film and
stored in a vacuum desiccator. The pulverized catalyst would be
reused in the next cycle of biodiesel synthesis. The process was
repeated for up to five cycles.

In the separation process using glycerol, the mixture was al-
lowed to stand overnight so that the biodiesel and glycerol were
separated using a separating funnel [40]. The mixture that had
been separated using glycerol produced biodiesel [40]. The bio-
diesel was then washed using warm water to remove the re-
maining glycerol that was still contained in the biodiesel [41].
Biodiesel that had been washed using warm water was then
heated to 110°C for 1 hour to reduce the water content [41].

2.4 Instrumental characterization
2.4.1 Test for phase and crystallite size of the CaO catalyst

The phase and crystallite size of the biocatalyst CaO was meas-
ured using X-ray diffraction (XRD) [42]. The XRD test was con-
ducted at the Laboratory of Minerals and Advanced Materials of
Universitas Negeri Malang, utilizing a Pananaltyical Expert Pro
X-ray.

2.4.2 Test for morphology of the CaO catalyst

The surface morphology of the CaO biocatalyst was exam-
ined using a scanning electron microscope (SEM) [43]. The test
was conducted at the Laboratory of Minerals and Advanced
Materials of Universitas Negeri Malang, utilizing an FEI Japan
Inspect-S50.
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2.4.3 Test for functional groups of the CaO catalyst and
biodiesel

The functional groups of the CaO biocatalyst and biodiesel were
determined using Fourier transform infrared (FTIR) spectros-
copy [40, 43]. The FTIR test was conducted at the Laboratory of
Minerals and Advanced Materials, Universitas Negeri Malang,
using a Shimadzu instrument, IR Prestige 21 model.

2.4.4 Test for biodiesel yield

The biodiesel yield test was performed to identify the per-
formance and efficiency of the catalyst recycling during the
transesterification process. The quantity and type of catalyst
significantly influence the biodiesel yield. Meanwhile, the pres-
ence of a catalyst made a substantial impact on the rate of the
transesterification reaction. The biodiesel yield test was con-
ducted for each cycle of catalyst recycling. The percentage of bio-
diesel yield was estimated using Equation (1) [44]:

Yield % = Weight of methyl ester/weight of oil (1)

The mass of the methyl ester was obtained from the result of
the transesterification of the used cooking oil, while the mass of
the oil refers to the initial mass of the sterilized used cooking oil
that had not yet undergone the transesterification process [45].
Biodiesel yield was calculated for each cycle to assess the cata-
lyst recycling performance. Thus, since there were five cycles, five
biodiesel yields were calculated.

2.4.5 Test for compound composition of biodiesel

The compound composition was observed using the gas chro-
matography-mass spectrometry (GC-MS) method [40]. The GC-
MS test was conducted at the Integrated Laboratory, Universitas
Islam Indonesia and the GC-MS Shimadzu QP 2010 SE was used.

2.4.6 Test for flash point of biodiesel

The flash point of the fuel was measured using a flash point tester
instrument [40]. Flash point tests necessitate a source of ignition.
Biodiesel that meets the established standards can be categor-
ized as suitable for being used. The flash point test was conducted
using the Flash Point Tester SYD-3536 with the ASTM D93 collec-
tion method.

2.4.7 Test for cetane number of biodiesel

The cetane number indicates the ignition delay and quality of the
diesel fuel. In a particular diesel engine, higher-cetane fuels will
have shorter ignition delay periods than lower-cetane fuels [46].
The cetane number from the samples was analysed using the
ASTM D 4737-11 standardization at the Energy and Environment
Laboratory, Institut Teknologi Sepuluh Nopember, Surabaya.

2.4.8 Test for caloric value of biodiesel

The calculation parameters were obtained using an oxygen
bomb calorimeter of XRY-1A type [47]. The calorific value testing
in the research was conducted at the Laboratory of Mineral and
Advanced Materials, Universitas Negeri Malang. The calorific
value represents the amount of energy released when a sub-
stance is completely burned. It is typically measured in units of
energy per unit mass, such as joules per gram (J/g) or calories
per gram (cal/g). The calorific value test was carried out to de-
termine the amount of energy generated by the biodiesel during
the combustion process. A high heating value (HHV) and a low
heating value (LHV) could also be determined from the calorific
value testing. The formulas to calculate HHV and LHV are shown
in Equations (2) and (3):

HHV = ((AT x E)40)/G @

LHV = HHV3,052MJ/kg (3)

2.4.9 Test for density of biodiesel

The density test was performed at the standard test tempera-
ture of 40°C [48]. The mass parameter was obtained from the
analytic digital balance, while the volume was measured using a
pycnometer of 25 ml [49].

The density of the biodiesel was estimated using Equation (4):

p=m/v @

2.4.10 Test for viscosity of biodiesel

The obtained viscosity test represents the dynamic viscosity,
which illustrates the ability of a fluid to resist shear flow, while
kinematic viscosity can be considered as the resistance to fluid
momentum [50]. Therefore, in this study, the kinematic viscosity
was examined using Equation (5):

9 =p/p )

2.4.11 Test for cloud point of biodiesel

The cloud point is the temperature at which crystallization occurs
and it starts when the solid crystal becomes visible when the fuel
cools down [51]. There are no international standards for speci-
fying the cloud point value [52] but lower cloud points represent a
greater quality of biodiesel. In this study, the cloud point was ana-
lysed using the D2500 ASTM standardization in the Laboratorium
Energy dan Lingkungan, Institut Sepuluh Nopember, Surabaya.

2.4.12 Test for pour point of biodiesel

The pour point is the temperature at which a significant amount
of crystal aggregates has formed, causing the fuel to be non-
flowable even when pumped [51]. Similar to the cloud point, there
is no standard for the pour point specified on ASTM D6571 and EN
14214 [53]. The pour point test was conducted following the ASTM
D97-02 standard at the Laboratorium Energy dan Lingkungan,
Institut Sepuluh Nopember, Surabaya.

2.4.13 Test for lead content of biodiesel

The lead content test in biodiesel is crucial as it guarantees
the safety of the biodiesel for utilization and adherence to es-
tablished environmental regulations [52]. The lead content test
was conducted using the Inductively Coupled Plasma Optical
Emission Spectrometry (ICP OES) instrument at the Energy
and Environmental Laboratory, Sepuluh Nopember Institute of
Technology, Surabaya.

2.4.14 Test for sulphuric content of biodiesel

High sulphur content in fuel will result in sulphur-derived pol-
lution after the combustion process [54]. For example, sulphur
dioxide (SO,) contributes to respiratory illnesses and aggravates
heart and lung diseases, and it also contributes to acid rain [55].
A sulphuric content test was conducted following the ASTM D129
standard at the Laboratorium Energy dan Lingkungan, Institut
Sepuluh Nopember, Surabaya.

2.4.15 Test for performance of biodiesel

The biodiesel performance test was carried out involving the B35
biodiesel samples and D100 diesel, specifically on torque, brake
power and brake-specific fuel consumption. The frequency of
performance test data collection was carried out three times. The
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test was conducted using the Nissan Mazda R2 diesel engine. The
specifications of the diesel engine for this test are presented in
Table 1.

Further, the torque, brake power and brake-specific fuel con-
sumption were estimated using Equations (6-8).

Calculation of torque:

T=Wxl (6)
Calculation of brake power [56]:
BP = (2 x nn x T)/ (60.000) 7)
Estimation of brake-specific fuel consumption [56]:
BFSC = FC/BP 8)
FC = (v/t) x p x (3600/1000) ©)

3 Results and discussion

3.1 Catalyst characterization
3.1.1 Phase and crystallite size of the CaO catalyst

The XRD test on the CaO catalyst was carried out to identify the
phase and crystallite size of the scallop shell powder [57]. The
crystallite size was calculated using the Scherrer [58] formula
shown in Equation (10):

kx A
d=

Bcost (10)
The obtained calculated XRD results are summarized in Table 2.
Table 2 shows that the CaO catalyst synthesized from scallop
shell material has a crystal size of 67.83 nm. As illustrated in
Fig. 2, the synthesized and sintered catalyst from scallop shell
material at 900°C for 120 minutes exhibits CaO peaks at 32.28°
(111), 37.45° (200), 53.96° (220), 64.47° (311), 67.74° (222), 79.82°
(022) and 88.92° (400), consistently with the International Centre
for Diffraction Data (ICDD) database No. 00-004-0777 [59-62].
In other words, Ca(OH), was also observed on the catalyst at
18.28° (001), 34.11° (101), 47.17° (102) and 51.82° (110) [60-62]. The
Ca(OH), is characterized by the peaks comparable to ICDD data-

Table 1: Specifications of diesel engine

Technical item Data
Type Nissan Mazda R2
Number of cylinders 4 Cylinder 2184 cc OHV indirect
injection
Pressure injection 100-130 bar
Valve slit In 0.45 mm
Ex 0.45 mm
Capacity bore/stroke 86/94 mm
Max output (din hp)/rpm >64/4000
Max torque Nm/rpm 140/2000

Table 2: Intensity, full width half maximum (FWHM), d-spacing
and crystallite size of the CaO catalyst

Sample XRD Peak
Intensity FWHM d-spacing  Crystallite
(counts)  (rad) &) size
(nm)

CaO catalyst 889 0.001 373574 240163 67.83

base No. 00-004-0733. The Ca(OH), is formed due to the reaction
between CaO and H,0 in the air [63]. The Ca(OH), phases originate
from water molecules absorbed on the surface of the CaO, which
has been widely acknowledged as hygroscopic, allowing the ab-
sorption of moisture from the air [64]. Analysis using the MATCH
software also yielded information about the crystal structure of
the CaO from the scallop shell powder. The CaO catalyst has a
crystal shape with a cubic structure [65].

3.1.2 Morphology of the CaO catalyst

The SEM was used to identify the morphology of the CaO catalyst
from the scallop shell waste.

Fig. 3 illustrates that the particle morphology of the CaO cata-
lyst derived from the waste scallop shell has a spherical shape
and is non-uniform in size [66-68]. The test results also indicated
the presence of agglomeration, which can be attributed to several
factors, such as the calcination temperature, calcination time, un-
even crushing and the duration of the crushing process [30, 67, 69].

3.1.3 Functional groups of the CaO catalyst

FTIR characterization was conducted to find the functional group
of the CaO catalyst from the scallop shell waste. The results of the
FTIR are illustrated in Fig. 4.

Fig. 4 depicts the FTIR spectrum of the CaO catalyst derived
from scallop shell waste. The peak at 3643.53 cm™ indicates the
presence of an OH stretching band during the water absorption
by the CaO [70]. Meanwhile, the ‘bands’ of 1415.18, 1132.21 and
875.68 cm™ correlate with the asymmetrical C-O with vibration
from the carbonate groups [71, 72]. The peak at 875.68 cm™ signi-
fies the Ca—O bond [73].

3.2 Biodiesel characterization

Table 3 shows the test results on biodiesel synthesized using a
CaO catalyst made from scallop shell waste. The test results were
compared with the characteristics of diesel fuel and ASTM stand-
ards.

3.2.1 Yield of biodiesel

Reusing catalysts is a sign of catalyst stability, which is very im-
portantin lowering biodiesel production costs [74]. It demonstrates
efficiency in resource use and can contribute to environmental
safety by reducing the chemical waste generated. By effectively
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Fig. 2: XRD results for CaO catalyst from scallop shell
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Fig. 4: FTIR results of CaO catalyst from scallop shell

reusing catalysts, the biodiesel production process can become
more economically and ecologically sustainable. The value of the
fatty acid methyl ester (FAME) generated from used cooking oil
can be observed through the percentage yield of the biodiesel.
Biodiesel yield is determined through the ratio of the biodiesel
produced from the transesterification to the initial amount of
used cooking oil. As depicted in Fig. 5, the highest biodiesel yield is
obtained in the first cycle, reaching 74.23%. The yield gradually de-
creases in each subsequent cycle. Consequently, the lowest yield
is recorded in the fifth cycle, at 57.04%. The effectiveness of the
biocatalyst diminishes as the number of catalyst recycling cycles
in the biodiesel transesterification process increases.

The decelerated biodiesel yield is attributed to the influence
of catalyst recycling, in which the catalyst initially separates free
fatty acids present in the feedstock and, subsequently, it is reused
in subsequent cycles, repeating up to the fifth cycle. The lower
biodiesel yield can also be caused by the diminished contact
area between the reactants and the active catalytic sites [75], the
decreasing stability of the biocatalyst CaO in subsequent cycles
[76] and the reaction between the catalyst with CO, and H,0, as
well as the other impurities in the air [77].

In addition, the lower yield following the cycle indicates that
the catalyst is contaminated by the air, forming Ca(OH),, which
affects the reaction power in separating glycerol or free fatty

acids in the used cooking oil. This aligns with the findings of a
study conducted by Widayat et al. [38] in which the biodiesel yield
value decreased as the recycling cycles of the CaO catalyst in-
creased, owing to the formation of CaO and diglycerides.

3.2.2 Flash point of biodiesel

Based on Table 3, the highest flash point value of the biodiesel
was obtained in the second cycle, measuring 149.7°C, while the
lowest value was observed in the fourth cycle, at 141.2°C. The
flash point value can be influenced by the density of the fuel.
As shown in Fig. 2, the fourth cycle exhibited a low flash point
value, which aligns with the lower density observed in that cycle.
This observation is in line with the findings of Elangovan et al.
[78], who reported that the flash point of the fuel is affected by
density. Meanwhile, the lower flash point is affected by the al-
cohol residue in the biodiesel [79].

Following the standard, the flash point of biodiesel should be
>100°C [48]. As illustrated in Fig. 6, the obtained flash pointisin ac-
cordance with the Indonesian National Standard (SNI) 7182:2015
and ASTM D93. The higher flash point indicates the greater fuel
resistance toignition. In general, the flash point of biodiesel tends
to be higher compared with fossil-derived diesel fuels, with bio-
diesel produced in the second cycle exhibiting a higher resistance
to ignition, as shown in Fig. 6. This is because fossil diesel consists
of molecules with lower molecular weight and branched com-
pounds, leading to a lower flash point value [80].

3.2.3 Cetane number of biodiesel

The cetane number functions as the delay in ignition time be-
tween fuel injection and the start of combustion in an engine
[81]. Table 3 presents the results of the cetane number test using
the octane-cetane analyser method. The cetane number of the
biodiesel is estimated based on the composition of FAMEs [82].
Noushabadi et al. [82] reported that a more significant cetane
number signifies higher FAME content.

Fuels with higher cetane numbers tend to be more respon-
sive to ignition under high pressure and have a shorter interval
between the ignition moment and the onset of combustion [83].
This characteristic is crucial for optimizing the efficiency and
performance of internal combustion engines. Besides, biodiesel
produced from diverse sources exhibits variations in chemical
composition and structure [83]. These variations lead to different
fuel properties, particularly in cetane number and compression—
ignition characteristics. The cetane number value of biodiesel
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Table 3: Properties of biodiesel synthesized using recycled CaO catalyst

Sample B100 Cycle 1 B100 Cycle 2 B100 Cycle 3 B100 Cycle 4 B100 Cycle 5 SNI ASTM
Flash point (°C) 148.7 £2.34 149.7 £+ 1.11 145.6 £3.13 141.2 +4.51 147.1+5.52 Min. 100 Min. 130
(ASTM D93)
Cetane number 75 75 75 75 75 Min. 51 Min. 51
(ASTM D613)
Density (kg/m?) 882.93 £ 0.46 882.11+1.11 881.38 + 0.46 881.23 £ 0.46 881.33 £ 0.46 850-890 860-900
(ASTM D1298)
Kinematic viscosity (cSt) 5.65+0.73 5.7+0.69 5.88 +0.83 5.68 +0.70 573+0.78  2.3-6 1.9-6
(ASTM D445)
Cloud point 13 16 12 15 16 Max. 18 -3-19
Q) (ASTM D2500)
Pour point (°C) 10 12 10 11 10 - -4-16
(ASTM D97)
Lead content (mg/kg) 0.8826 0.9315 0.9617 0.9234 1.0378 - -
Sulphur content (%) 0.005 0.005 0.006 0.007 0.007 Max. 0.05 Max. 0.05
(ASTM D5453)
80 404 3823 36.86
| 7423 | 35.12 35.85 37.3
70 35
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= 50 £ 251
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Fig. 5: Results of biodiesel yield from each cycle

can also indicate the fatty acid content of the biodiesel [25]. The
higher the cetane number value of the diesel fuel, the more dif-
ficult it is to start a diesel engine, requiring a diesel engine with
higher compression specifications.

3.2.4 Calorific value of biodiesel

The calorific value test was conducted to identify the energy con-
tent of the produced fuel [84]. Fig. 6 presents the LHV of the bio-
diesel from each cycle. The highest LHV is found in the biodiesel
from the first cycle, at 38.23 MJ/kg, while the lowest value is ob-
served in the biodiesel of the third cycle, at 35.12 MJ/kg. Biodiesel
in the third cycle suggests a lower degree of saturation whereas
biodiesel in the first cycle exhibits a higher degree of saturation.
This aligns with the report from Van Gerpen et al. [85] that fuels
with a higher degree of unsaturation tend to have slightly lower
energy content per unit weight, while fuels with a higher degree
of saturation tend to have higher energy content.

Universally, biodiesel presents a lower calorific value than pure
diesel fuel [17]. The lower calorific value produced by biodiesel
than pure diesel is also attributed to its lower carbon content [86].
The heating value of biodiesel fuel will affect the performance of
diesel engines during performance testing [87, 88]. As the calorific

Fig. 6: Calorific value biodiesel from each cycle

value influences the specific fuel consumption, the higher calor-
ific value corresponds to a lower specific fuel consumption [89].

3.2.5 Density of biodiesel

Density is obtained by dividing the mass of the biodiesel by its
volume, while biodiesel volume was measured using a 25-ml
pycnometer. Table 3 shows the consistent density values of bio-
diesel, with the highest and lowest recorded densities of 882.93
and 881.23 kg/m?, respectively. The obtained density values
shown in Table 3 conform to SNI 7182:2015, which specifies that
biodiesel density should fall within the range of 850-890 kg/m? at
a temperature of 40°C [48]. Further, a different density for each
cycle is induced by fluctuation of the temperature and humidity
during the density test.

According to [90], biodiesel that complies with SNI 7182:2015
generates complete combustion. Meanwhile, the density values
exceeding the standard can lead to incomplete combustion re-
actions, thus affecting the emissions emitted by diesel engines
[90]. Besides, high biodiesel density also significantly impacts the
injector pump, fuel filter and ignition process of the diesel engine
during the compression phase [91, 92]. Additionally, the variation
in density values from each cycle can also be influenced by the
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temperature during the transesterification reaction. As described
by [90], different density values obtained from the biodiesel
density test can be attributed to the fluctuating transesterification
temperature.

3.2.6 Kinematic viscosity of biodiesel

Viscosity represents the resistance of a liquid to flow or the shear
resistance of a liquid [90]. Table 3 shows the kinematic viscosity of
the biodiesel across each cycle. The data indicate that the highest
kinematic viscosity value is obtained in the third cycle, measuring
5.88 ¢St, while the lowest kinematic viscosity value is observed in
the first cycle, at 5.65 cSt. Ideally, biodiesel viscosity values should
be within the range of 2.3-6.0 cSt at 40°C. Therefore, the obtained
kinematic viscosity in this study has met the requirements for
biodiesel. The first cycle has the lowest viscosity value, where the
biodiesel in the first cycle has a more intense collision intensity
between particles than the other cycles. A higher frequency of
contact between particles will increase the efficiency, which in
turn will significantly reduce the viscosity of the biodiesel [25].

Wahyuni observed that higher viscosity corresponds to a
thicker and more resistant flow of liquid [93]. The fifth cycle of the
transesterification process produces biodiesel that is more slug-
gish to flow compared with the biodiesel from other cycles due
to its higher kinematic viscosity value. As presented in Table 3,
we observed increasing viscosity in the biodiesel from the third
cycle, indicating the exceeding boiling amount of methanol used
in the transesterification process, which is 64.7°C [90]. High vis-
cosity can cause an excess of smoke in the exhaust during com-
bustion because it hinders the efficient atomization of fuel in
the combustion chamber [94]. Evaporating methanol can impact
viscosity values, thus resulting in variations in the kinematic vis-
cosity across the cycles.

3.2.7 Functional group of biodiesel

The composition of biodiesel can be identified through the Fourier
transform infrared (FTIR) test [95]. The results of the FTIR test in
the biodiesel are illustrated in Fig. 7. The FTIR test is performed to
detect the chemical bonds in a molecule, detected through infrared
absorption spectra, which indicate different functional groups.

Fig. 7 show the results of the FTIR testing with a wavelength
range of 500-4000 cm™. Based on Fig. 7, biodiesel samples from
the first cycle to the fifth cycle have identical FTIR graphs. The
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Fig. 7: FTIR spectrum for biodiesel sample from each cycle

wavelengths of 2922.15 and 2854.64 cm™ indicate CH stretching
in the CH, and CH, groups. This is in accordance with the research
of Emma et al. [96], who said that CH stretching is shown in the
absorption regions of 2922.87 and 2854.56 cm™. CH stretching
is in the absorption region of 2800 cm™ [37]. Rosset et al. [95]
also explained that the CH bond is in the absorption region of
2800-3000 cm™. Referring to the research of Emma et al. [96], the
ester (C=0) functional group is shown in the absorption region
of 1741.72 cm™ and the methyl functional group is shown in the
absorption region of 1458.18 cn’. The presence of methyl ester
compounds proven by using FTIR testing indicates that used
cooking oil has been successfully synthesized into biodiesel [97].

3.2.8 Compound composition of biodiesel

Compound composition can be identified through using the GC-
MS test. The results of the GC-MS test for the biodiesel in each
cycle are summarized in Table 4.

Table 4 and Fig. 8 show the results of the GC-MS test, which
show the compound components present in biodiesel sam-
ples from the first to the fifth cycles. The results indicate the
dominating methyl oleate compound with a peak area of 53.7%.
This is consistent with the findings of Zayed et al. [98] that the
transesterification process of coconut oil produces FAMEs, with
methyl oleate being the primary compound. Methyl oleate in bio-
diesel is associated with a lower calorific value and a high cetane
number, contributing to reduced ignition delay and improved
thermal efficiency [99].

As shown in Table 4, biodiesel samples from the first to the
fifth cycles exhibit identical compound compositions. However,
differences emerge in the biodiesel produced from the third to
fifth cycles. Unlike the biodiesel from the first and second cycles,
the biodiesel from the third cycle displays nine peaks, with the
last peak indicating the presence of the C, H, squalene com-
pound. Squalene is a by-product compound that may be detected
during biodiesel manufacturing [100]. The identified squalene
compound indicates the presence of impurities within the pro-
duced biodiesel [100].

3.2.9 Cloud point of biodiesel
The cloud point of biodiesel can be determined through a test
performed following the ASTM D2500 method. The cloud point
represents the temperature at which small solid or crystal forma-
tion in the biodiesel occurs [101]. Table 3 presents the results of
the cloud point test for biodiesel in each cycle. The highest cloud
point is observed from the biodiesel in the second and fifth cycles
at 16°C, while the lowest cloud point value is observed in the third
cycle at 12°C. In general, the produced biodiesel complies with
standards, as the maximum cloud point value is at 18°C [48].
There has been no international standard for the cloud point
of biodiesel [52]. Barabas et al. reported that the cloud point of bio-
diesel ranges between -5°C and 17°C [102]. Biodiesel has a higher
cloud point than fossil diesel fuel [102]. The saturation level of the
fuel can affect the cloud point value and viscosity [37]. Meanwhile,
a lower cloud point in biodiesel implies a lower operational tem-
perature range, thereby indicating higher biodiesel quality [53].
Further, the formation of crystal aggregates can potentially clog
the filters and precipitate in fuel tanks when the cloud point tem-
perature is reached [103]. The biodiesel from the third cycle has a
lower temperature at which crystal aggregates form.

3.2.10 Pour point of biodiesel

The pour point was observed using the ASTM D97-02 test and
the results are summarized in Table 3. The pour point signifies
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Table 4: Results of GC-MS on biodiesel samples from each cycle
Peak Sample
B100 Cycle 1 B100 Cycle 2 B100 Cycle 3 B100 Cycle 4 B100 Cycle 5
Compound name Formula Compound name Formula Compound name Formula Compound name Formula Compound name Formula
Methyl C.H,0, Methyl C.H,0, Methyl C.H,0, Methyl C.H,0, Methyl C.H,O,
dodecanoate dodecanoate dodecanoate dodecanoate dodecanoate
Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,.H.,0,
tetradecanoate tetradecanoate tetradecanoate tetradecanoate tetradecanoate
Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,0,
palmitoleinate palmitoleinate palmitoleinate palmitoleinate palmitoleinate
Methyl C,H,0, Methyl C,H,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,0,
hexadecanoate hexadecanoate hexadecanoate hexadecanoate hexadecanoate
Methyl octadec- C,H,0, Methyl octadec- C,H,0, Methyl octadec- C,H,0, Methyloctadec- C,H,0, Methyl octadec- C,H,0,
9-enoate 9-enoate 9-enoate 9-enoate 9-enoate
Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,,0, Methyl C,H,0,
octadecanoate octadecanoate octadecanoate octadecanoate octadecanoate
Methyl oleate C,H,0, Methyloleate C,H,0, Methyloleate C,H,0, Methyloleate C,H,0, Methyloleate C,H,0,
Methyl arachate C,H,0, Methylarachate C,,H,0, Methylarachate C,H,0, Methylarachate C,H,0, Methylarachate C,H,0,
Squalene C,Hy, Squalene C,H,, Squalene C,H,,
—_B100 Cycle 5 is found in the first-cycle biodiesel, at 0.8826 mg/kg. This trend in-
48, - g:gg gz:z; dicates the increase in lead content following the progression of
i — B100 Cycle 2 catalysis cycles during the biodiesel transesterification process.
1 f 3L L 78 9 — B100 Cycle 1 Excessive lead content in fuel can have adverse environmental ef-
4 5*6 fects, as lead is released through exhaust emissions from vehicle
engines, which results in environmental pollution [106]. As per
1 f SM 7.8 9 the resolution of the European Economic Community, the upper
4 56 ' limit for lead content in fuel is established at 0.4% [52].
1 f 3M 7.8 9 3.2.12 Sulphur content of biodiesel
4 56 Table 3 presents the sulphur content from the synthesized bio-
M* diesel using a CaO catalyst derived from the scallop shell. The
! ? 3 7,8 lowest sulphur content was observed in the biodiesel sample
¢ S from the first and second cycles, measuring 0.005%. In contrast,
/I_[ the highest sulphur content was found in the biodiesel samples
1§ 7.8 from the fourth and fifth cycles, measuring 0.007%. The sul-
T T T T T T phur content from the synthesized biodiesel samples meets the
0 5 10 15 20 25 30

Retention Time

Fig. 8: Results of mass chromatography of biodiesel from each cycle

the temperature at which crystal aggregates form to a notable
degree, resulting in the fuel becoming non-flowable even under
pumping conditions [51]. The highest pour point is found from
the second cycle at 12°C. Meanwhile, the biodiesel samples from
the first, third and fifth cycles present the lowest pour point of
10°C. The pour point is generally lower than the cloud point [103].

The international standard for the pour point of biodiesel is
given in ASTM D97 and EN 14214 [53]. Isioma et al. described that
the pour point ranges from 0°C to 12°C [104]. As illustrated in
Table 3, the biodiesel from the third cycle has better cold flow
than the other cycles. A low pour point can enhance the perform-
ance of a diesel engine during cold weather by facilitating better
acceleration [105]. This capability is crucial for optimal engine
function, especially in frigid conditions, ensuring smoother oper-
ation and improved responsiveness.

3.2.11 Lead content of biodiesel

Based on Table 3, the highest lead content is observed in the
fifth-cycle biodiesel at 1.0378 mg/kg, while the lowest lead content

requirements of SNI 718:2015 and ASTM D5453 standards [48].
The sulphur content exceeding the permissible amount carries
detrimental effects on vehicle engines. In line with the research,
Sirvi6 et al. [107] also state that the lower the sulphur content,
the better the fuel quality. Fayad et al. [108] also mentioned that
high sulphur content in fuel can cause combustion problems
and increase combustion emissions. High sulphur content in fuel
can increase soot and particulate emissions in the exhaust of all
types of internal combustion engines, cause corrosion and have
a damaging effect on advanced treatment systems used for CO,
HC, NOx and particulate reduction [109]. Fuel sulphur also causes
corrosion in the engine cylinder. In combustion, it is oxidized into
sulphur dioxide. SO, will be further oxidized into SO, and then
react again with water. The formed sulphuric acid, H,SO,, will
condense on metal surfaces and cause corrosion [110].

3.3 Test of performance of biodiesel

3.3.1 Torque

Fig. 9 presents the decreasing torque as the engine speed in-
creases from 1500 to 1900 r.p.m. in both the Biodiesel B35
sample and the D100 diesel fuel. Maximum loading is found at
an engine speed of 1500 r.p.m., resulting in the highest torque
of 33.72 Nm for Diesel D100 and 30.69 Nm for Biodiesel B35.
Besides, Fig. 9 also indicates that Diesel D100 produces higher
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Fig. 9: Torque test results of Biodiesel B35 and Diesel D100 fuel samples
at various engine speeds
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Fig. 10: Brake power test result of Biodiesel B35 and Diesel D100 fuel
samples at various engine speeds

torque values compared with Biodiesel B35. The lower calorific
value and higher viscosity of biodiesel compared with diesel
contribute to poor combustion outcomes [111]. This is in ac-
cordance with the research of El-Adawy et al., who said that
the higher the calorific value of the fuel, the higher the torque
produced [112]. Also, the purity of diesel fuel compared with
biodiesel also affects the obtained torque values [113], thereby
leading to higher torque values in Diesel D100 compared with
Biodiesel B35.

The results demonstrate decreasing torque as the engine speed
increases. This reduction in torque is attributed to the decreasing
load generated as the engine speed increases. This finding is in
line with Equation (6), in which the torque is directly proportional
to the load and lever arm length. The lower engine speeds result
in greater load values due to the torque test conducted using a
braking system [114, 115].

3.3.2 Brake power

Fig. 10 illustrates a reduction in the brake power following the
increase in engine speed, observed for both Biodiesel B35 and

2.0+ —=a— Biodiesel B35
—e— Diesel D100
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Fig. 11: Brake-specific fuel consumption test results of Biodiesel B35
and Diesel D100 fuel samples at various engine speeds

Diesel D100. The decline in brake power occurs within the range
of engine speeds of 1500-1900 r.p.m. At an engine speed of 1500
rp.m., a higher load is encountered. The peak of brake power is
also recorded at an engine speed of 1500 r.p.m., amounting to
4.81 kW for Biodiesel B35 and 5.29 kW for Diesel D100. The brake
power correlates directly with the torque, in agreement with
Equation (7). Both the torque and the brake power will increase
with escalating load conditions [116]. This is in line with the re-
search of Dwivedi et al. [117], which states that the power gener-
ated from biodiesel fuel tends to be lower because biodiesel has a
lower calorific value than diesel fuel.

The psychochemical properties also influence the generated
brake power. As biodiesel contains less oxygen and possesses a
lower calorific value compared with pure diesel fuel [118], it pro-
duces a lower brake power value for Biodiesel B35 as opposed to
Diesel D100.

3.3.3 Brake-specific fuel consumption

The graph in Fig. 11 depicts an increase in the value of the brake-
specific fuel consumption (BSFC) with the rise in engine speed.
This rise occurs between the engine speeds of 1500 and 1900 r.p.m.
for both Biodiesel B35 and Diesel D100. As per Fig. 11, Biodiesel
B35 exhibits a higher value of BSFC compared with Diesel D100.

BSFC represents the fuel flow rate per unit of output power
[119]. Fig. 11 shows an increase in BSFC following the higher en-
gine speed. This greater BSFC is observed between the engine
speeds of 1500 and 1900 r.p.m. for both Biodiesel B35 and Diesel
D100. Besides, Fig. 11 also suggests that Biodiesel B35 has a higher
BSFC than Diesel D100. At an engine rotation rate of 1500 r.p.m.,
Biodiesel B35 exhibits a BSFC of 0.38 kg/kWh, whereas Diesel
D100 registers a BSFC of 0.33 kg/kWh.

The higher calorific value of pure diesel than biodiesel leads
to a lower BSFC in pure diesel [116]. The lower BSFC value sug-
gests better thermal efficiency [116]. The volumetric effects of a
constant fuel injection rate, along with the high viscosity of bio-
diesel, also contribute to fuel consumption variations [120, 121].

4 Conclusion

Based on the results, the highest yield of biodiesel synthesized
using the recycled CaO catalyst was obtained from the first cycle,
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at 74.23%. However, as the recycling cycle progressed, the yield
value gradually decreased. The physico-chemical and thermal
properties (density, kinematic viscosity, functional groups, com-
pound composition, cloud point, pour point, lead content, sulphur
content, flash point) of the biodiesel synthesized using the recycled
CaO catalyst met the requirements of the ASTM and SNI stand-
ards. The performance test results of the biodiesel synthesized
using the recycled CaO catalyst showed lower torque and brake
power values compared with Pertamina Dex. On the other hand,
the BSFC value was higher than that of Pertamina Dex.

Biodiesel synthesized from used cooking oil using a CaO cata-
lyst made from scallop shell waste has the potential to replace
diesel fuel because the research that has been done shows that
the biodiesel that has been synthesized has properties that meet
international standards. The process of recycling and reusing
CaO catalysts also shows positive results because the catalyst is
still effectively used in the transesterification process up to three
times.

Nomenclature

HHYV, higher heating value (MJ/kg);

LHV, lower heating value (MJ/kg);

AT, differential temperature in the calorimetry system (°C);
E, heat capacity benzoic acid (12 460,2840 J/°C);
40, addition of ignition wire heat during the calibration (J);
G, sample mass (g);

p, biodiesel density (kg/m?);

m, biodiesel mass (kg);

V, biodiesel volume (m?);

4, biodiesel kinematic viscosity (cSt);

1, biodiesel dynamic viscosity (cP);

T, torque (Nm);

W, load (N);

L, sleeve length (m);

BP, brake power (kW);

n, engine rotation (r.p.m.);

BSFC, brake-specific fuel consumption (kg/kWh);
FC, fuel consumption (kg/jam);

v, fuel volume (ml);

t, fuel consumption time (s);

p, fuel density (g/ml);

k, constant (0.9);

B, full-width half maximum,;

), XRD wavelength (1.5406 A).
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Abstract

Pollution, climate change and waste accumulation are critical societal issues calling for advanced methods to recycle matter
and clean polluted ecosystems. Here, we review the use of calcium oxide waste-based catalysts for industrial and environmen-
tal applications such as biodiesel production, and pollutant degradation and removal. Catalysts can be produced from mud
clam shell, eggshell, spent coffee ground, fish bones waste, marble waste, face mask waste, and snail shell. The preparation
of composite catalysts, adsorbents, nanoparticles, and photocatalysts is presented.

Keywords Calcium oxide - Waste-based catalysts - Municipal - Agricultural - Green chemistry - Environment

Abbreviations
FESEM Field emission scanning electron microscopy
MWAC Mask waste ash catalyst

Introduction

The excessive utilization of certain metals for industrial pur-
poses presents substantial social challenges, notably with
regard to the contamination of heavy metals (Waqas et al.
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2024). This overexploitation has caused element deple-
tion and resource deficits (Hunt et al. 2015). Human and
industrial activities have resulted in significant contamina-
tion of heavy metals, which has raised considerable alarm
in the society (Shi et al. 2022). Pollution which originates
from modern economies and extensive transportation net-
works has caused ecological ramifications and impacts the
worldwide distribution of species (Boivin et al. 2016). The
discharge of toxic metals from many sectors, along with the
generation of substantial amounts of agricultural and food
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residues, presents significant challenges for both society
and the environment (Ahmad and Zaidi 2021). The process
of industrialization has significantly amplified the environ-
mental burden of heavy metal toxicity, resulting in civili-
zations relying on these metals for their operations (Gaur
et al. 2017). The issue of heavy metal pollution is urgent
because of the emissions resulting from industrial opera-
tions such as waste gas, wastewater, and residue, as well
as other sources such automotive exhaust, pesticides, and
mining activities (Liu et al. 2024). Metal smelting generates
industrial effluent that contains a multitude of heavy metals,
which have adverse effects on aquatic species, crops, and soil
(Chen and Yan 2022). In addition, the rapid exhaustion of
natural resources caused by a high demand for raw materi-
als has resulted in the use of waste materials as substitutes
(Tezyapar Kara et al. 2023). This highlights the difficulties
that modern civilization is currently facing (Egeri¢ et al.
2018). The sustainable growth of human society is highly
dependent on metals, necessitating the proper utilization and
oversight of these resources (Osman et al. 2024). Industrial
operations and urbanization have caused the overuse of natu-
ral resources, such as metals, leading to the deterioration of
groundwater and soil resources (Morin-Crini et al. 2022).
This has worsened environmental issues (Diamantis et al.
2016).

Toxic elements can be replaced by alternative metal
oxides, especially metal oxides derived from sustainable
sources (Akash et al. 2024). Over the years, many green
catalysts have been reported in the literature, notably in
terms of their resource availability, efficacy, stability, and
scaling up of the production of catalysts, which have been
noted in several studies (Balakrishnan et al. 2022; Anaya-
Rodriguez et al. 2023; Tran et al. 2023). Today, scientists are
interested in researching affordable, effective, and renew-
able sources for preparing green catalysts for industrial use
and environmental remediation (Wu et al. 2023a, b). Waste
refers to organic or inorganic wastes produced by forestry,
agriculture, food processing, and municipal waste (Fang
et al. 2023). The employment of these waste as resources
for production of calcium oxide waste-derived catalysts has
attracted the attention of scientists in recent years owing to
its ability to effectively tackle environmental and economic
issues simultaneously. The production of calcium oxide
waste-derived catalysts can be cost-effective, as the raw
materials are often readily available and inexpensive. Cal-
cium oxide has drawn the attention of researchers among the
heterogeneous catalysts as they are available ubiquitous in
nature or from waste. Calcium is not an endangered element
and lately it is used to replace other deficit elements in the
preparation of commercial products in large scale (Kouzu
et al. 2008). Here, we review the use of calcium oxide waste-
based catalysts derived from mud clam shell, eggshell, spent
coffee ground, fish bones waste, marble waste, face mask
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waste, and snail shell focus on the several potential applica-
tions including biodiesel production, degradation of organic
pollutants, and effective removal of methylene blue dye.
These calcium-based catalysts have been researched exten-
sively for sustainable development goals, with advantages
over traditional catalysts. Examples include mud clam shell
and eggshell catalysts for dye breakdown, recycled coffee
and eggshell waste for dye removal, hydroxyapatite from
vertebrates’ skeletal structures for wastewater treatment,
marble waste-derived catalyst for biodiesel production,
mask waste ash catalyst for bisindolylmethanes synthesis,
and snail shell-based perovskite as a substitute for titanium
dioxide and zinc oxide in photocatalysis. In view of the use-
fulness of calcium-based waste catalyst, the current trend of
research utilizing calcium oxide waste-derived catalysts for
preparation of composite catalysts, adsorbents, nanoparti-
cles and photocatalysts and their applications at industry and
in environmental remediation is reviewed. Figure 1 shows
the various applications of mud clam shell photocatalysts at
industrial and environmental aspects.

Mud clam shell

The photocatalyst derived from the mud clam shell have
been widely researched and synthesized by calcining the
mud clam shell and characterized under various spectro-
scopic methods (Ismail et al. 2016). The catalyst perfor-
mance of mud clam shell photocatalyst was investigated
in the transesterification of castor oil as biodiesel, and the
highest biodiesel yield of 96.7% was obtained. A high reus-
ability with minimal loss of catalytic activity was reported
using this catalyst. Moreover, the calcium oxide photocata-
lyst derived from mud clam shell was found to have better
stability compared to the commercially available calcium
oxide (Ismail et al. 2016). Overall, the calcium oxide-based
photocatalyst derived from mud-class shell exhibited excel-
lent performance in biodiesel preparation (Wang et al. 2021).
In future, the mud clam shell can be a potential source of
photocatalyst which can be prepared by environmental-
friendly method, cheap, recyclable material, which lacking
in today’s heterogeneous catalyst preparation. Moreover,
studies have shown that the utilization of abandoned mud
clam shells could reduce the environmental burden exerted
by this waste to the environment (Rachmawati et al. 2020).
Therefore, mud clam shells are cost-effective and sustainable
resources in the design of sustainable technology for com-
bating environmental pollution. Moreover, calcium oxide
nanoparticles are treated as a photocatalyst by using man-
grove oyster shell as a precursor for degradation of procaine
penicillin in an aqueous solution (Eddy et al. 2023).

In addition, it was revealed that mud clam shell photocat-
alysts were efficient at degrading organic pollutants, namely
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' AT e——
The degradation of methylene blue

Fig.1 A calcium oxide-based photocatalyst obtained from mud clam
shells for industrial and environmental sustainability. The mud clam
shell photocatalysts are a promising material for environmental appli-

the methylene blue dye (Wang et al. 2020). The research
revealed that the mud clam shell photocatalyst could effi-
ciently breakdown the dye and had a high level of photo-
catalytic activity. The composites have a maximal degrada-
tion capacity of 2265 mg/g and show excellent methylene
blue degradation activity over a broad pH range (Wang et al.
2020). The high photocatalytic activity of the photocatalyst
derived from mud clam shell is the result of its significant
surface area, which gives the dye molecules plenty of room
to adsorb and interact with reactive oxygen species. The
high degree of crystallinity of the mud clam shell photo-
catalyst also contributes to improved photocatalytic activity
and more effective electron transfer. In addition, the photo-
catalytic properties of the mud clam shell can be enhanced
by adding certain impurities or dopants such as strontium
or magnesium. The mud mussel photocatalyst has signifi-
cant potential as a viable option for various applications in
wastewater treatment and water purification processes as it
is an effective and affordable material for the photocatalytic
degradation of dyes.

Likewise, it was reported that an efficient catalytic activ-
ity in the degradation of the palm oil mill effluent utiliz-
ing calcium oxide-based mud clam shell photocatalyst
(Ismail et al. 2016). According to their research, calcium-
based mud clam shell photocatalysts could be utilized to
accelerate the breakdown of a range of organic contami-
nants, such as colors, medications, and insecticides. The
Brunauer—Emmett—Teller analysis revealed the mud clam
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cations such as in the biodiesel production, soil reinforcement, and
degradation of dye and organic pollutants

shell photocatalyst possesses a large surface area and high
level of contact with the targeted pollutants. The mesopo-
rosity and a large surface area of photocatalysts is the main
reason in the increase in photocatalysis effectiveness (Ovo-
dok et al. 2017). The utilization of mud clam shell photo-
catalysts has several advantages over earlier techniques or
research, including affordability, high efficiency, reusability,
and adaptability. Overall, mud clam shell photocatalysts are
a promising material for environmental applications. It was
found as an effective catalyst in the biodiesel production and
the degradation of organic pollutants. The employment of
mud clam shells as a photocatalyst could be a sustainable
and environmentally friendly catalyst. Overall, we found that
calcium oxide from mud clam shell is an efficient catalyst for
biodiesel production, and optimum parameters for transes-
terification of castor oil were determined.

Eggshell

Eggshells are a common household waste that has limited
uses, such as in arts and crafts. However, because of their
high calcium content, they are also a valuable source of
photocatalytic materials, and their accessibility and afford-
ability make them desirable substitutes for more expen-
sive photocatalytic materials. The high calcium content of
eggshells can be converted into a calcium oxide catalyst
through a 2-h calcination process at 800 °C (Wei et al.
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2009), with the reaction proceeding as an exothermic reac-
tion. Calcium oxide is well known as a commonly used
basic catalyst, and it is well-established that basic catalysts
exhibit superior catalytic activity compared to acidic cata-
lysts (Zabeti et al. 2009). Therefore, alkaline catalysts are
the preferred choice. Moreover, calcium oxide is used as
a catalyst in a variety of industries such as a toxic waste
disposal agent, binder in paints, adsorbent, and bactericide
(Tangboriboon et al. 2012; Niju et al. 2014).

Calcium oxide nanoparticles obtained from eggshells
are utilized as a photocatalyst to effectively degrade dyes,
demonstrating the sustainable repurposing of kitchen
waste (eggshells). The biological calcium oxide was
found as a booster nanopriming agent for both monocot
and dicot plants (Ganesan and Paramathevar 2024). The
larger porosity of calcium oxide nanoparticles resulted
in a better adsorption capacity. The calcium oxide pro-
duced from eggshells was employed for both adsorption
and photodegradation in the congo red dye. The process
of adsorption reached equilibrium with a 93.4% reduction
in just 6 min. However, the process of photocatalysis took
120 min to break down 95.0% of congo red. This time
was decreased to 45 min when sono-photocatalysis was
employed (Ganesan and Paramathevar 2024). In addition,
the calcium—magnesium oxide composite was successfully
synthesized by the ball milling process, using a cheap egg-
shell as a calcium oxide source for photodegradation of
methylene blue in 20 min with the sample annealed at
750 °C (Reyes-Vallejo et al. 2023).

Calcium oxide is used as a photocatalyst for the degrada-
tion of organic dyes, including malachite green (Bathla et al.
2019), violet GL2B (Madhusudhana et al. 2012), indigo car-
mine (Veeranna et al. 2014), crystal violet (Sawant et al.
2015), congo red (Anantharaman et al. 2016; Ganesan and
Paramathevar 2024), and methylene blue (Ameta et al. 2014;
Reyes-Vallejo et al. 2023). The photocatalytic efficacy of
calcium oxide was also examined for the dyes, including
toluidine blue, rhodamine B, and methylene blue. The reac-
tion mixture of catalyst and dye solution were subjected to
sonication and afterward placed in a light-free environment
for the adsorption test. Following a duration of one hour,
the samples underwent centrifugation, and subsequently, the
ultraviolet spectral data were analyzed. Upon 15 min light
exposure, toluidine blue and methylene blue decomposed
into a colorless solution, suggesting that calcium oxide pho-
todegradation has taken place efficiently in toluidine blue
and methylene blue (Sree et al. 2020). The experiments were
expanded to a solar environment and spectral analysis was
performed on each sample at 5 min intervals. The spectral
data show a gradual reduction in absorbance during a dura-
tion of 10 min for toluidine blue and 15 min for methylene
blue. The rapid degradation was possible due to the smaller
size of the calcium oxide nanoparticles, which offer a greater
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surface area for photon absorption, larger free radical pro-
duction, and faster dye degradation.

Besides, the reuse of eggshells for the purpose of synthe-
sizing the photocatalysis in dye removal has been studied
lately. When calcined eggshell powder is used instead of
raw eggshell powder in the degradation of the lanasyn F5B
which is an industrial dye, the dye degradation efficiency
is observed to be more effective using calcined eggshell
powder, with an equilibrium dye adsorption capacity of
1.2 mg/g. In addition, calcined eggshell powder has dem-
onstrated an almost 50.0% increase in degradation of dye
in the dark compared to the raw eggshell powder and the
results show that it removes dye under pseudo-second-order
kinetics. As a result, calcined eggshell powder exhibits supe-
rior dye degradation performance compared to raw eggshell
powder, underscoring the possibility of employing it as a
state-of-the-art in the field of environmental remediation
(Amarasinghe and Wanniarachchi 2019). Furthermore, the
utilization of calcium oxide obtained from eggshells and
applied on the surface of activated carbon made from palm
kernel shells shown a very effective removal of hydrogen
sulfide (Omar et al. 2017).

According to previous studies, calcium oxide obtained
from eggshells has been often used as a promising catalyst
in the transesterification process of converting oil or fat into
biodiesel. Calcination has been the predominant method
used to produce calcium oxide catalysts. In this process,
temperatures over 800.0 °C are used to activate the cata-
lysts, resulting in high yields ranging from 91.0 to 99.0%. It
is noteworthy that, in general, a reaction temperature over
60.0 °C and a reaction period of at least 2 h were necessary
to achieve a biodiesel yield above 90.0%. In terms of feed-
stock, palm oil and soybean oil are the most used raw materi-
als. The eggshell with a greater calcium amount produced a
higher conversion rate of biodiesel with 98.0%, compared to
the 83.0% conversion rate achieved by the crab shell using
sunflower oil as the feedstock. The fundamental character-
istic feature of calcium oxide species is a crucial factor that
determines the conversion of feedstock into biodiesel. The
study revealed the possible use of chicken eggshells as het-
erogeneous basic catalysts using waste cooking oil as the raw
material (Tan et al. 2015). According to reports, using waste
cooking oil as a raw material cuts the total cost of producing
biodiesel by 60.0-90.0% (Talebian-Kiakalaieh et al. 2013).

In another study, chicken eggshell combined with transi-
tion metal oxides including zinc oxide, manganese dioxide,
ferric oxide, and aluminum oxide was found to enhance the
efficiency for biodiesel production. The effectiveness of dif-
ferent calcium-based mixed metal oxides in the methanoly-
sis process of Jatropha and Karanja oils was studied. The
catalysts exhibited higher surface areas during calcination
at 900 °C, which therefore resulted in enhanced catalytic
activity. Catalysts coated with metal oxides have shown
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superior activity as compared to neat calcium oxide and zinc
oxide—calcium oxide catalyst was found to exhibit superior
performance compared to other catalysts, resulting in a bio-
diesel yield of 98.2% (Jatropha) and 96.0% (Karanja). The
increase in optimal catalyst loading, methanol/oil molar
ratio, and reaction temperature did not have a significant
impact on the biodiesel production. The reusability of zinc
oxide—calcium oxide catalyst was also observed by perform-
ing the transesterification of Jatropha and Karanja oils with
methanol under optimized reaction condition (Joshi et al.
2015). The reused catalyst gave more than 95.0% gas chro-
matography conversions of Jatropha biodiesel and more than
92.0% gas chromatography conversions for Karanja bio-
diesel after four successive cycles. The result of this finding
showed that calcium oxide derived from the chicken egg
combined with zinc oxide capable to yield excellent bio-
diesel from Jatropha and Karanja oils, and the result was
found to be comparable to the use of other efficient catalyst
(Sahoo and Das 2009).

Furthermore, the lithium-doped calcium oxide derived
from eggshell was investigated for the transesterification
process of Mesua Ferrea Linn (nahor oil), a non-edible
feedstock often used in the biodiesel production (Boro et al.
2014). In this study, maximum biodiesel conversion was
achieved under the optimum reaction conditions, which
included a 2.0% lithium loading, 5.0% per weight catalyst
amounts, a 10:1 methanol to oil ratio, a 4 h reaction time,
and a temperature of 65 °C. Besides, it was observed that
the catalyst exhibited reusability and the decrease in its
activity was ascribed to the coverage of the catalyst surface

Catalyst source for
biodiesel production
from non-edible

feedstocks

Calcium oxide derived
from eggshells

Fig.2 A calcium-based photocatalyst obtained from eggshells for
industrial and environmental sustainability. Calcium oxide nanopar-
ticles obtained from eggshells are utilized as a photocatalyst to effec-

by the product formed during the reaction. The initial cata-
lytic activity was associated with the formation of mixed
lithium—calcium phase along with the presence of lithium
oxide and calcium oxide. When calcium oxide was loaded
with 2.0% of lithium salt in the preparation of calcium oxide
derived eggshell photocatalysts in the preparation of bio-
diesel from nahor oil, a biodiesel conversion rate of 94.0%
was achieved under the optimal reaction condition. Though
the catalyst was found non-recyclable, its catalytic activity
may be enhanced by the process of activation at a suitable
temperature and subsequent reloading with lithium. As a
conclusion, calcined eggshell powder has higher dye degra-
dation capability compared to raw eggshell powder and can
be used as an eco-friendly photocatalyst for dye degradation.
Figure 2 shows the various applications of eggshell photo-
catalysts at industrial and environmental aspects.

Spent coffee ground

Coffee is often regarded as one of the most extensively
consumed beverages on a worldwide basis and is typically
made from roasted coffee beans due to its refreshing prop-
erties. Due to its far-reaching impact on various aspects of
society, its consumption has a significant economic, social,
and cultural impact, which contributes to its global appeal
(Goya et al. 2007). The annual production of coffee grounds
was estimated at about 6,600,000 tons (Lee et al. 2015) and
is mainly driven by high demand in society. These coffee
grounds are made up of various organic compounds such as
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tively degrade dyes. It has been often used as a promising catalyst in
the transesterification process of converting oil or fat into biodiesel
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lignin, fatty acids, cellulose, and hemicellulose. However,
most of these coffee grounds are discarded as waste after use
for coffee consumption, forming a final byproduct (Safarik
et al. 2012). The study has shown that spent coffee grounds,
which contain approximately 25.0% mannan, 15.0% cellu-
lose, and 5.0% arabinogalactan, serve as a significant carbon
source (Mohamed et al. 2021). When these soils are burned,
carbon dioxide is released to the air and cause pollution in
environment. Therefore, alternative methods to valorize cof-
fee grounds for beneficial applications are needed. Although
there are some methods of reusing coffee waste, such as
fertilizer, animal feed production, sugar source, as well as its
potential as a metal ion sorbent and biodiesel feedstock. Yet,
there is still a significant obstacle in the form of developing
more effective strategies and ways to convert coffee waste
into a novel resource material (Chitra et al. 2014).

The calcium oxide/carbon photocatalyst can be synthe-
sized from recycled coffee and eggshell waste for effective
removal of methylene blue dye (Mohamed et al. 2021). It
sees the use of spent coffee grounds as the main material
in the synthesis of photocatalyst. The synthesis of calcium
oxide/carbon was achieved through the process of thermal
cracking. A mixture was prepared by combining spent coffee
grounds with eggshells, maintaining a weight ratio of 1:1.
The composites were calcined in a furnace at a temperature
of 900 °C for 4 h under atmospheric air conditions. Photo-
degradation experiments of methylene blue dye and calcium
oxide and calcium oxide/carbon photocatalysts were carried
out in the presence of sunlight for 35 min.

Carbon Calcium oxide

Spent coffee ground

Eggshells

Fig.3 A calcium oxide photocatalyst derived from eggshells mixed
with carbon derived from spent coffee ground. The calcium oxide/
carbon was also a photo-catalytically stable substance. The calcium
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Based on the result, the percentage of photocatalytic deg-
radation was recorded as 88.0% for calcium oxide to 99.0%
for calcium oxide/carbon. More dye was removed when the
pH of the solution was increased from 2 to 10 h or when the
catalyst loading was increased from 10.0 mg to 75.0 mg. The
calcium oxide/carbon was also a photo-catalytically stable
substance that can be used for at least ten times. Moreover,
the addition of carbon to the surface of the resulting cal-
cium oxide increases the crystallite size while decreasing
the bandgap value. With increasing crystallinity, the diffrac-
tion peaks of the calcium oxide/carbon photocatalyst became
stronger than the calcium oxide peaks. High photocatalytic
performance requires a superior crystal structure (Zhu et al.
2018). The high defect density in calcium oxide/carbon has
a positive effect on the photocatalytic activity as it increases
the active surface and leads to the formation of a high den-
sity of active sites (Parmar et al. 2019). The generation of
static charge fields along the dislocation lines could be the
cause of these active centers (Lawrence and Van 1989). The
photocatalytic efficiency of the calcium oxide/carbon cata-
lyst was found to be enhanced by the increase in surface area
and dye adsorption, which effectively eliminates methylene
blue. Figure 3 shows the degradation of methylene blue by
using calcium oxide/carbon photocatalyst.

Calcium oxide/carbon

The photocatalytic degradation of methylene blue

oxide/carbon photocatalyst can be synthesized from recycled coffee
and eggshell waste for effective removal of methylene blue dye
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Fish bones waste

Hydroxyapatite is a major inorganic substance found ubig-
uitously in the skeletal structures of all vertebrates. The
composition of the substance consists mostly of around
70.0% apatite calcium phosphate or often referred to as
hydroxyapatite. It is ideal for bone tissue applications
including artificial bone grafting, orthopedic therapy, and
drug delivery systems due to its biocompatibility, biodegra-
dability, and ion exchange ability (Pal et al. 2017). In a pre-
vious study (Hong et al. 2012), the fish bone-hydroxyapatite
was used to catalyze the degradation of congo red and crys-
tal violet in the present of direct sunlight. In the laboratory
test, it was found that almost 87.0% of congo red and 77.0%
crystal violet were degraded by fish bone-hydroxyapatite,
respectively (Sathiyavimal et al. 2020). As reported, the
photocatalytic performances of hydroxyapatite prepared
with biological substances were time dependent (Hong
et al. 2012; Liu et al. 2016). It is possible that the porous
nature of the fish bone-hydroxyapatite contributed to the
colors being degraded quickly and easily. The degradation
of congo red and crystal violet was caused by the conversion
of the valence bond into the conductive band, resulting in the
formation of electron—hole pairs. The high area specificity
of the fish bone-hydroxyapatite mesoporous structure would
be responsible for its strong adsorption capacity (Hong et al.
2012). Oxygen and water molecules were converted into
superoxide anion radicals and hydroxyl radicals due to the

Fish bone waste

N\

Converting the calcium
carbonate, calcium
phosphate and hydroxyl
groups in the solid powder to
calcium oxide and
hydroxyapatite

Fig.4 Hydroxyapatite is a major inorganic substance found in fish
bone. The fish bone-hydroxyapatite was used to catalyze the degrada-
tion of congo red and crystal violet in the present of direct sunlight.

Crystal violet

interactions between the positively charge mesoporous holes
and the negatively charge electrons.

These active fish bone-hydroxyapatite species have
formed strong bonds with the positive holes, which play
a crucial role in the decomposition of the adsorbed congo
red and crystal violet molecules into carbon dioxide and
water. The enhanced adsorption capacity of the mesoporous
fish bone-hydroxyapatite enabled the accelerated degrada-
tion of congo red and crystal violet. Therefore, fish bone-
hydroxyapatite would provide a solid basis for its use in
wastewater treatment and toxic dye removal. A non-toxic
and environmentally friendly method of bioremediation for
future generations would be to create a fine mesoporous
structure of fish bone-hydroxyapatite utilizing biological
substrates such as fish bones. Furthermore, comparable
studies found that hydroxyapatite has high photocatalytic
activity for removing azo dyes from wastewater pollution
(Corami et al. 2007; Stotzel et al. 2009). Overall, we found
that fish bone-hydroxyapatite is a potential catalyst for dye
degradation fish bone-hydroxyapatite that showed rapid deg-
radation of crystal violet and congo red dyes. Figure 4 shows
the photocatalytic degradation of industrial dyes by the fish
bone-hydroxyapatite.

Marble waste
Marble is a common, naturally occurring substance com-

posed of calcium carbonate and magnesium carbonate
arranged in alternating layers. Marble wastes have been used

M DN
"\
+
Enabled the accelerated ‘

degradation of congo
red and crystal violet +

+
e

Fish bone-hydroxyapatite species formed
strong bonds with the positive holes
which play a crucial role in the
decomposition of the adsorbed congo red
and crystal violet molecules into carbon
dioxide and water.

Fish bone-hydroxyapatite would provide a solid basis for its use in
wastewater treatment and toxic dye removal
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extensively in building construction, iron and steel works
(Khan et al. 2022). Interestingly, waste marble can be used
directly as a catalyst using two simple processes: purification
and calcination. In recent years, the use of marble detri-
tus as a solid base catalyst has increased, mostly attributed
to its low cost and non-toxicity. The use of marble pow-
der as an abundant and accessible mineral resource for the
development of an environmentally friendly and sustainable
calcium-based photocatalyst. This research project focuses
on the use of calcium as a fundamental element for the treat-
ment of wastewater. The article reports that marble powder
finds widespread use primarily in the building industry and
as an adsorbent for wastewater treatment purposes. Hence,
the development of a photocatalyst for the remediation of
bio-refractory substances would provide an environmentally
friendly and sustainable methodology. Marble is composed
of many minerals, including calcium and magnesium, which
have the potential to serve as reactants in the creation of
photocatalysts (Khan et al. 2022).

According to literature, the calcium oxide-based catalyst
derived from marble waste facilitated the transesterification
process of triglycerides in the presence of methanol (Tahvil-
dari et al. 2015). Waste cooking oil was also transesterified
with methanol in the presence of a calcium oxide catalyst
derived from marble waste. It was reported that during cal-
cination, the calcium carbonate of the marble is converted
to calcium oxide, releasing carbon dioxide in the process
(Adams et al. 2017). The calcium oxide was then employed
as a catalyst for the synthesis of biodiesel from waste cook-
ing oil. Calcium oxide derived from marble waste offers
improved efficiency, reaction time, repeatability, weight
percentage of catalyst used, methanol volume, and mass
yield in biodiesel production because of its inherent nature.
Due to its surface structure, when used with calcium oxide
derived from marble waste, the basic properties of the mate-
rial improve, and it becomes a suitable base for the catalyst,
thereby increasing the calcium oxide contact surface area
and the yield of the transesterification reaction.

In addition to biodiesel, the calcium oxide catalyst derived
from marble waste was employed to convert 1,4-butanediol
to tetrahydrofuran in the vapor phase. 1,4-butanediol is one
of the biomass-derived chemicals that has the capability
to be used in the synthesis of various chemicals including
solvents and polymers. Of all the other compounds, tetrahy-
drofuran is the most important due to its wide range of uses
as high-performance solvents, precursors to polyurethanes,
elastic fibers, and molded elastomeric co-polymers. In addi-
tion, it is utilized as a precursor for the synthesis of organic
compounds (Sivaramakrishnan and Ravikumar 2012;

@ Springer

Atadashi 2015; Lourinho and Brito 2015). The dehydration
of 1,4-butanediol has been achieved with a variety of acidic
and basic supported catalysts, including lanthanum/zirco-
nium dioxide (Fu et al. 2009), ytterbium (III) oxide (Ayoub
et al. 2016), and silicotungstic acids (Predojevi¢ 2008). The
use of the catalysts listed above releases significant quanti-
ties of environmentally hazardous chlorides, nitrates, and
radioactive elements, which is the main problem with their
use.

In addition, the use of a calcium oxide catalyst derived
from marble waste was employed to enhance the catalytic
efficiency of the polyethersulfone membrane in the context
of biodiesel production and purification. The calcium oxide
catalyst produced by activating marble particles at 900 °C in
4 h appeared to have an average particle diameter between
0.3 um and 1.0 um, with numerous openings serving as a
barrier between the particles, which revealed by scanning
electron microscopy experiment. As a result, these tiny cata-
lyst particles have a large surface area and an abundance of
active centers. In addition, the Fourier transform infrared
analysis showed the existence of the important functional
groups inside the membrane (Alhanif et al. 2018). The diam-
eter of the calcium oxide particles decreases upon thermal
activation, while the size and number of their openings
increase (Ljupkovi€ et al. 2014). It was found marble pow-
der can be used as a sustainable calcium-based photocatalyst
with effective in wastewater treatment. Figure 5 shows the
various applications of calcium oxide from marble waste at
industrial and environmental dimensions.

Face mask waste

The face mask is composed of non-biodegradable poly-
mers including polycarbonate, polypropylene, polystyrene,
polyethylene, polyurethane, and polyacrylonitrile. Plastic
components from improperly disposed face masks not only
endanger the ecosystem and environment, but also to aquatic
animals (Facciola et al. 2021; Selvaranjan et al. 2021). It
was reported the conversion of discarded masks into a cata-
lyst known as mask waste ash catalyst through direct com-
bustion in an oven for use in bisindolylmethanes synthesis,
where the calcium-containing catalyst found in mask waste
ash catalyst could facilitate the synthesis of bisindolylmeth-
anes (Kiong et al. 2022). Bisindolylmethanes are alkaloids
that exhibit diverse biological characteristics, including
antibacterial, antiviral, and antioxidant activities (Praveen
et al. 2015). Numerous catalysts have been produced for
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Transesterification reaction catalyzed by the addition calcium oxide

(0] (0]
—— RrRoH + N ——— RrRoOH + P
R"O R l R'O R
Conversion
Calcium oxide l l
1,4-butanediol o Triglycerides

)

Tetrahydrofuran
in the vapor phase

Marble waste

Fig.5 Synthesis of marble waste sustainable catalyst for industrial
and environmental remediation application. Calcium oxide-based
photocatalyst derived from marble waste facilitated the transesterifi-
cation process of triglycerides in the presence of methanol. It is also

bisindolylmethanes syntheses; nonetheless, some catalysts
have used perilous and costly reagents, hence impeding their
pragmatic application.

For the synthesis of bisindolylmethanes, a selection of
commercially available aldehydes was selected to perform
the control experiment. A diverse range of substituted bisin-
dolylmethanes was obtained with yields between 60.0% and
94.0% (Kiong et al. 2022). Bisindolylmethanes were synthe-
sized in high yields by replacing benzaldehydes with elec-
tron-withdrawing groups under optimal reaction conditions.
The experimental findings indicated that benzaldehydes with
electron-donating substituents gave lower product yield
compared to benzaldehydes with electron-withdrawing sub-
stituents when the reaction time was increased. The observed
phenomenon may be ascribed to the electron-donating effect
of the substituted benzaldehydes, which leads to a decrease
in the electro positivity of the carbon atoms in the carbonyl
groups.

To demonstrate its versatility, the photodegradation of
experiments were investigated by exposing aqueous solu-
tions of methylene blue, orange 16, green 19, and red 120 in
the presence of mask waste ash catalyst. According to previ-
ous research (Stewart et al. 2022), the presence of long fibers

Synthesis of biodiesel
from waste heating oil .3

used to convert 1.4-butanediol to tetrahydrofuran and improve the
catalytic activity of the polyethersulfone membrane. (R" and R” = Ali-
phatic groups)

connected into a network with free areas of 100.0-500.0
microns can be visualized under the scanning electron
microscopy experiment. The scanning electron microscopy
image of mask waste ash catalyst, on the other hand, shows
a porous, fiber-like shape with many grain boundaries. The
mask waste ash catalyst has pore sites which were shown to
facilitate the bisindolylmethanes syntheses and degradation
of dyes that occur at a higher temperature after calcination
of waste mask (Loo et al. 2018). Overall, we found mask
waste ash catalyst is effective in photodegradation of dye and
efficient synthesis of bioactive compounds. Figure 6 shows
the current applications of mask waste ash catalyst.

Snail shell

Calcium oxide from snail shells has been discovered to be
a possible alternative source for making photocatalysts. In
the synthesis of photocatalysts, the utilization of snail shell
materials lowers prices and has favorable ecological and
economic effects. A different source of calcium oxide, the
snail shell is rich in the element calcium and has a distinctive
microstructure. Additionally, using shell resources wisely to
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Mask waste ash catalyst

Fig.6 Calcium-containing catalyst found in mask waste ash catalyst
could facilitate the synthesis of bisindolylmethanes. The degradation
of dye with and without using mask waste ash catalyst photocatalyst

make photocatalysts may not only lower manufacturing costs
but also be utilized to minimize pollution, which is advanta-
geous for both the environment and the economy (Roschat
et al. 2016; Laskar et al. 2018; Pooladi and Bazargan-Lari
2020). Calcium carbonate, which is present in the snail shell,
was changed into calcium oxide during the calcination pro-
cess (Nopriansyah et al. 2016). It was employed as a source
of calcium oxide to create aluminum oxide/calcium oxide
nanoparticles for use as a photocatalyst in the degradation
of the harmful pesticide diazinon, after being calcined at
800 °C, contain 62.0% calcium oxide (Rodiah et al. 2020).
The catalytic activity of this photocatalyst was found to be
improved after the inclusion of aluminum and reduced by
using natural plant extract (Rodiah et al. 2020).

In some earlier publications, the employment of semicon-
ductor materials as potential substitutes to titanium dioxide
and zinc oxide, which have been of interest for photocataly-
sis applications, is explored. The substance perovskite is one
of them and perovskite itself is found as mineral perovskite
materials (Heydari et al. 2012). Typical piezoelectric materi-
als are lead zirconate, barium titanate, and lead titanate (Seo
et al. 2005; Liotta et al. 2009). With a perovskite structure
and a high dielectric loss for a variety of applications such
as photocatalysis, calcium titanate is one of a significant
class of chemicals. In the past, calcium oxide made from
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Effectiveness
methylene
blue

degradation
95 %

b
475 500 525 550 575 600 625 650 675 700 725 750 775 800

3rd hrs (1pm) *without photocatalyst

3rd hrs (1pm) *with photocatalyst

Methylene blue was successfully decolorized with 95 % effectiveness by using

mask waste ash catalyst - photocatalyst

were analyzed and showed methylene blue was successfully decolor-
ized with 95.0% effectiveness. (R'=Electron-withdrawing and elec-
tron-donating groups)

snail shell was used in the calcium titanate synthesis process.
Perovskite made from snail shells was examined for its phys-
icochemical properties and compared to calcium oxide and
calcium carbonate as calcium sources (Fatimah et al. 2018).
Perovskite created utilizing calcium oxide from snail shells
has a similar X-ray diffraction pattern to perovskites made
using commercial chemicals. According to the laboratory
results, calcium titanate prepared from snail shell exhibited
photodegradation activity of methylene blue that is compa-
rable to that of prepared from commercial chemicals. The
methylene blue photodegradation was discovered to follow
a second-order process based on the results of the kinetic
simulation.

Another work examined the creation and characteristics
of a calcium oxide/zinc oxide nanocomposite generated from
the snail shell Achatina fulica. According to the research,
the snail shell is a possible alternative source of calcium
oxide for producing photocatalysts since it has a distinc-
tive microstructure and a high calcium content (Jiang et al.
2021). In addition to lowering manufacturing costs, the wise
use of snail shell materials for photocatalyst synthesis has
positive effects on the environment and the economy (Jiang
et al. 2021). The process of oxidation leads to the degrada-
tion of calcium carbonate into calcium oxide, accompanied
by the breakdown of organic materials. This results in the



Environmental Chemistry Letters (2024) 22:1741-1758

1751

\ Calcium
. > Carbonate

Calcium titanate
synthesis process

Fig.7 Applications of sustainable calcium-based derived from snail shell
as photocatalyst for methylene blue and rhodamine B degradation. In the
synthesis of photocatalysts, the utilization of snail shell materials lowers

development of a pore structure that is evenly distributed
throughout the material. The nanocomposite demonstrates
the presence of nanoflowers characterized by spindle-shaped
petals, with lengths ranging from 500 nm to 1,000 nm. These
nanoflowers are shown to develop on a spherical calcium
oxide substrate, which serves as the supporting material.
In the absence of a calcium oxide carrier, zinc oxide nano-
particles tend to aggregate into rod-shaped structures with
sizes ranging from 50 nm to 1,000 nm. The catalyst that
was synthesized was used for the process of photocata-
lytic degradation of rhodamine B in the presence of vis-
ible light irradiation. The composite material exhibited a
significant degrading efficiency of 91.0%, may be attributed
to the proliferation of zinc oxide on the calcium oxide tem-
plate. Unfortunately, the recyclability test showed there was
a minor drop in the degradation efficiency. However, the

Calcination
process

Calcium oxide
from snail shell
+
Carbon dioxide

B
e NH(CHy),
/

CH, /_\ /\ COOH

prices and has favorable ecological and economic effects. The catalyst was
used for the process of photocatalytic degradation of rhodamine B in the
presence of visible light irradiation

structural integrity of the calcium oxide/zinc oxide com-
posite photocatalyst remained intact as shown by scanning
electron microscopy analysis. The inclusion of ethylenedi-
aminetetraacetic acid disodium salt and isopropyl alcohol
resulted in a decrease in thodamine B degradation rates to
54.0% and 67.0%, respectively. This suggests that the contri-
bution of electrons is more significant than hydroxyl radicals
in the photocatalytic process of calcium oxide/zinc oxide.
The calcium oxide/zinc oxide nanocomposite generated
from the snail shell Achatina fulica has significant potential
for use in the field of photocatalytic destruction of water
contaminants, owing to the presence of calcium oxide/zinc
oxide nanoflowers. This work presents a novel approach for
valorizing snail shell waste and the fabrication of biomass
composites, resulting in improved performance. It was found
calcium titanate synthesized from snail shell shows similar
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Table 2 Potential applications of eggshell nanocatalysts with performance

Application

Performance

Authors

Ball mill assisted preparation of nanocalcium carbon-
ate as a novel and sustainable catalyst

Reinforce in ceramic composite

Green adsorbents for removal of hydrogen sulfide from
wastewaters

Eggshell coated gray cast iron for corrosion applica-
tions

Synthesis of glycerol carbonate from biowaste glycerol
using calcium oxide-titanium dioxide nanocatalysts

1. It was found that the nanoeggshell generated the
nanocrystalline calcium carbonate with a crystallite
size less than 100 nm

2. Scanning electron microscope images study showed
an increase in porosity of nanocalcium carbonate
due to the downsizing of the powder during ball mill
treatment

1. Porous structure of implant is one of the major
aspects that need to be concerned before practicing it
for bone application

2. Biomedical porous glass ceramic orbital implants
from eggshell-based calcium-silicate glasses being
prepared

3. Close pore accompanied with rough surface were
developed in the glass ceramic samples when the
temperature increased from 900 °C to 1100 °C

1. It is concluded that the chickens’ eggshell are very
useful green and economic adsorbents due to their
availability and absence of any toxic and hazardous
constituent’s elements from all adsorbents

2. The calcinate modified been the most suitable fol-
lowed by the activate carbon modified adsorbent

1. Zeta potential is the voltage value occurring between
the surface of a solid particle immersed in a conduct-
ing liquid

2. Calcium oxide has shown up to 70.0% of the overall
chemical composition of eggshell powder before
coating process

1. The mass loss of the catalyst occurred at different
temperature ranges at different three zones like first,
second and third zones

2. The first phase of mass loss occurred at 60-300 °C
which might be due to dehydration of crystals of
water molecules

3. The synthetic strategy opens avenues for obtaining
one of the value-added product glycerol carbonates
by use of sustainable and environmental benign
routes

4. The basic strength of calcium oxide/titanium dioxide
mixed oxide is highly favorable for total conversion
of glycerol

Mosaddegh et al. (2013)

Razak et al. (2022)

Habeeb and Danhassan (2014)

Teknologi et al. (2017)

Pradhan and Sharma (2021)

properties and its photocatalytic activity is comparable to
calcium oxide and calcium carbonate. Figure 7 shows the
degradation of photocatalytic degradation of industrial dyes
methylene blue and rhodamine B by using snail shell as pho-
tocatalyst. Comparison on the published review references
is listed in Table 1 and potential applications of eggshell
nanocatalysts with performance in Table 2.

Conclusion
In the past, many successful and viable environmentally

sustainable catalysts have been reported to remediate envi-
ronmental pollutants, yet the preparation of these catalysts

@ Springer

required the use of hazardous reagents and uses endan-
gered metals, which led to resource deficit in the future.
Considering these, where resource deficit and pollution
have been a major issue faced by mankind, much greener,
sustainable, and economical environmental catalysts are
highly sought after by scientists. In the last decades,
waste-based catalysts have emerged as potential replace-
ments for toxic and expensive catalysts that might con-
tribute to sustainable issues in the future. In addition, the
use of waste-based resources can reduce the reliance on
current expensive and endangered metals that will lead to
elemental deficit on day in future. This review highlights
the importance of using sustainable resources in synthe-
sizing environmental catalysts. In this regard, waste-based
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resources exhibit clear viability and the potential utiliza-
tion of waste-based catalysts for environmental reme-
diation, as a substitute for regular used metals, warrants
significant consideration within the future trajectory of
environmental protection.
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To promote the use of waste-originated resources in biodiesel production, this study proposes the utilization of
leather tanning waste (LTW) and crab-shell (CS) waste as the respective lipid source and catalyst material. The
obtained CS-based calcium oxide (CaO) has comparable textural properties with those of existing waste-based
catalysts and shows high catalytic activity for the conversion of LTW to biodiesel. The optimum yield of fatty
acid ethyl esters (FAEE) is predicted at 97.9 wt%, while it is experimentally observed at 98.7 + 0.4 wt% (purity
of 98.6 + 0.4 wt%) using the following operating condition: reaction time t = 3.58 h, catalyst amount m. = 3.87

wt%, and a molar ratio of ethanol to LTW m,, = 12:1. The CS-based CaO shows good reusability with FAEE yield
staying above 90 wt% for four cycles. The fuel properties of LTW-based biodiesel meet ASTM D6751 and ASTM
D975-08 standards, with the ethyl ester ranging from C14 to C20.

1. Introduction

Worldwide interest in the use of waste to fulfill the energy demand is
currently growing in a very rapid manner. Many types of research
related to waste-to-energy have been conducted to improve the trans-
esterification yield, find the simplest and low-cost technique as well as
fabricate waste-based catalysts. Known as an archipelago country, the
aquaculture industries are one of the biggest and most important sectors
in Indonesia. Approximately 30,000 tons of crab are produced annually,
where its meat only accounts for only around 35 wt% of the total crab
mass. This leaves almost 20,000 tons of solid waste discharged each year
[1]. While in the developed countries, waste disposal is costly, crab
shells (CS) in Indonesia are often directly discharged to the
environment.

CS exhibits potential value due to its valuable chemical contents,
namely protein (20-40 wt%), calcium carbonate (20-50 wt%), and

chitin (15-40 wt%) [2]. Being the largest component in CS, calcium
carbonate finds extensive applications in pharmaceutical, agricultural,
material development, and catalysis. Many studies have been conducted
to develop calcium-based solid catalyst, with calcium oxide (CaO) as the
main focus due to its advantages of substantial catalytic activity, high
basicity, non-toxicity [3,4], good availability, and low cost [5]. In
addition, the conversion of calcium carbonate to CaO can be achieved
using a relatively simple method, that is, by thermal decomposition via
calcination at high temperatures to liberate carbon dioxide from the raw
materials [6].

Currently, transesterification of lipid to biodiesel is employed mainly
using a homogenous catalyst, due to its phase homogeneity and shorter
reaction time [5,7]. However, this type of catalyst cannot be reused and
requires additional washing and separation steps, hence inducing
attention in the use of the heterogeneous solid catalyst for the biodiesel
preparation process. Despite its comparable catalytic activity and

Abbreviations: ANOVA, Analysis of variance; CaO, Calcium oxideCS Crab shell; DOE, Design of experiment; FA, Fatty acid; FAEE, Fatty acid ethyl esters; FFA, Free
fatty acid; FID, Flame ionized detection; LTW, Leather tanning waste; MLFD, Multilevel factorial design; RSM, Response surface methodology; SEE, Standard error of

estimate; TGA, Thermogravimetric analysis.
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simpler use in the transesterification process, many heterogeneous cat-
alysts are not viable for industrial usage since most of the catalysts are
expensive and require complicated preparation efforts [8,9]. Therefore,
synthesizing simple yet highly active catalysts for biodiesel preparation
is important. Due to this very reason, an increasing number of studies on
the neat, supported, loaded, and mixed CaO has been widely investi-
gated [3,6]. The high catalytic activity of CaO might be attributed to the
presence of oxygen attached to its surface, which acts as a strong basic
conjugate [10]. These basic sites abstract a proton from the organic
compounds and initiate the basic catalysis reaction [6]. The catalytic
activity of CaO-based catalyst in the transesterification has been con-
ducted using various natural-based raw materials as follows: mussel
shells [11,12], eggshells [13], waste capiz shells [8,9], cockle shells
[12], Pomacea sp. shells [14] and river snail shells [15]. Extensive uti-
lization of waste-based catalysts is expected to reduce the material cost
as well as to conduct a good waste management practice.

To date, the development of waste-based solid catalyst mainly fo-
cuses on the conversion of refined oils, rather than waste lipid materials,
to biodiesel. The selection of refined oils as the raw materials is generally
due to its low free fatty acid (FFA) and moisture content; therefore, it is
easier to process and gives a more stable yield. However, the mass uti-
lization of this type of lipid will disrupt the food supply chain. Yuliana
et al. [16] mentioned that non-edible oils, specifically fat, oil, and grease
(FOG) and animal fats, are currently the best options for biodiesel
feedstock compared to edible ones due to their low price. Moreover, the
valorization of the waste-based lipid will significantly lessen the amount
of the waste, and at the same time, turn them into a valuable asset.
Therefore, this study combines the use of CS-based catalysts and leather
tanning waste (LTW) as a lipid source to produce biodiesel.

With 80 wt% of the rawhide is discharged as waste during the
commercial tanning process of leather [17,18], the annual production of
LTW in Indonesia reaches 100,000 tons [19,20]. LTW contains a sub-
stantial amount of crude fat (>60 wt%) [18] that can be converted to
biodiesel; which renders it an abundant raw material to prepare bio-
diesel. A number of valorization approaches have been previously con-
ducted to prepare biodiesel from LTW, namely using supercritical
methanol [20], CsyO-loaded Fe3O4 nanoparticles [21], solid-state
fermentation using silica-immobilized micro bacteria soaked in inor-
ganic nutrients (e.g., MgSO4, FeSO4, CoCly, MnCl,, CaCly, and
(NH4)Mo07024) [22], and conventional basic catalyst (e.g., potassium
methoxide [23], sodium and potassium hydroxide [24,25], and meth-
anolic tetramethylammonium hydroxide [26]). While the first three
techniques require a high amount of energy and complicated processing
steps, the last technique using basic catalysts often faces many chal-
lenges due to the presence of high water and FFA content. These two
components promote the hydrolysis and saponification reactions during
the traditional conversion [16], which leads to a difficult separation and
lower yield. Therefore, with the above-mentioned advantages of simple
preparation, low cost, and insensitivity to contaminants during use,
CS-based CaO can be considered highly potential to prepare biodiesel
with commercial yield and specification from LTW in one-pot trans-
esterification. Besides, due to the nature of the two waste materials, a
waste-to-energy approach can be achieved via the utilization of CS and
LTW as the starting catalyst and biodiesel feedstocks, respectively.

The influence of three independent processing variables (catalyst
loading m,, reaction time t, and the molar ratio of ethanol to LTW m,,) on
the yield of fatty acid ethyl esters (FAEE) is studied. The optimization
approach is conducted using a combination of response surface meth-
odology (RSM) and multilevel factorial design (MLFD) to obtain the
optimized reaction parameters, which can be implemented in industrial
practice. Among many statistical and mathematical approaches, MLFD
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is selected because it (1) incorporates all interactions of the three vari-
ables at all levels, and (2) offers more flexibility in assessing these in-
teractions when the number of degrees of freedom is sufficient [27].
Moreover, the use of the factorial design also increases the statistical
sensitivity and generalizability without decreasing precision [28];
therefore, it is superior compared to the other methods. This study also
uses ethanol as the alcohol source to maintain the phase homogeneity in
the reaction system which leads to an increase in reaction rate [29,30].
The reusability of the CS-based CaO is also monitored at the optimum
operating condition.

2. Materials and methods
2.1. Materials

Both raw waste materials, CS and LTW, were collected from a local
supplier in Surabaya, Indonesia. While CS was obtained from a local fish
market, LTW was provided by a leather tannery in Indonesia. The pre-
treatment of CS was conducted using the following procedures [8]: CS
was first rinsed to remove the impurities. The cleansed CS was pulver-
ized to a powder and subjected to the calcination process at 900 °C for 2
h. The calcined CS was further ground to a powder with a particle size of
smaller than 25 pm. The obtained powder was then stored in a vacuum
container before use. At the same time, LTW was washed with water to
remove unwanted dirt and impurities, followed by heating at 120 °C to
remove retaining moisture. LTW was then purified using a membrane
filter.

All solvents and chemicals used for biodiesel preparation and anal-
ysis were purchased from Merck (Germany) and of analytical grade;
therefore, does not require any further purification. The gases required
for gas chromatography analysis, namely nitrogen and helium (>99.9%)
were procured from Aneka Gas Industry Pty. Ltd., Surabaya. The
composition of the biodiesel product was identified using the FAEE
certified reference (10008188) obtained from Cayman Chemicals (MI,
USA), while methyl heptadecanoate, which acts as the internal standard
to calculate the purity of FAEE, was purchased from Sigma-Aldrich
(Germany).

2.2. The properties determination of CS-based CaO and LTW

The surface topography and morphology images of CS-based CaO
were captured by FESEM JEOL JSM-6500F (Jeol Ltd., Japan), with the
respective voltage and working distance of 10 kV and 8.0 mm. Mean-
while, the textural properties of CS-based CaO, such as its specific sur-
face area and pore volume, were obtained using Micromeritics ASAP
2010 Sorption Analyzer at 77 K. The XRD diffractogram of the catalyst
was acquired in 20 = 15°-90° using an X'PERT Panalytical Pro X-Ray
diffractometer (Philips-FEI, Netherlands). The wavelength of mono-
chromatic Cu Ka; radiation (1) is set at 0.154 nm. The voltage and tube
current is adjusted at 40 kV and 30 mA, respectively. To measure its
thermal stability, 6 mg of CS-based CaO powder were placed in a plat-
inum pan and subjected to a PerkinElmer TG/DTA Diamond (Perki-
nElmer, Japan). The oven temperature was then increased from 30 °C to
900 °C at a rate of 10 °C/min under a continuous nitrogen purge (ve-
locity of nitrogen purge = 20 ml/min) to monitor the degradation profile
of the CS-based CaO.

Meanwhile, the crude fat, FFA, and moisture content in LTW were
determined following AOAC 991.36, ASTM D5555-95, and AOCS Ca 2e-
84, respectively. LTW is also further analyzed for its fatty acid (FA)
profile using GC-2014 (Shimadzu Ltd., Japan), following the method of
ISO 12966. Restek Rtx-65TG (30 m x 0.25 mm ID x 0.10 pm film
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Table 1
The encoded reaction parameters and their corresponding values.
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Table 2
The DOE matrix based on MLFD.

Variables Encoded factor Factor level
1 2 3 4 5
Catalyst loading (mc, wt%) A 1 2 3 4 5
1 2 3
Reaction time (t, h) B 2 3 4
Molar ratio of ethanol to LTW (m,,) Cc 6:1 9:1 12:1

thickness, Restek, USA) was selected as the separation column to iden-
tify the FA profile in LTW.

2.3. Biodiesel preparation using LTW and CS-based CaO

Ethanol as the alcohol source and LTW at m,, = 6:1, 9:1, and 12:1
was added into a three-neck flask, fully installed along with a condenser,
magnetic stirrer, and heater. A specified amount of CS-based CaO (m, =
1, 2, 3, 4, 5 wt%) was introduced into the system. The reaction system
was then heated to 60 °C and maintained isothermally throughout the
process with constant agitation at 700 rpm for various t (2, 3, 4 h). After
the reaction was completed, the catalyst was separated from the liquid
product mixture by centrifugation and regenerated through a cycle of
repeated washing and calcination at 900 °C. The product mixture was
settled to obtain two layers, the top layer consisting FAEE and other
minor components, and the bottom layer which is the mixture of glyc-
erol, excess ethanol, and other undesirable by-products. The separated
FAEE-rich phase was then subjected to vacuum evaporation to obtain
the biodiesel product.

Using the optimized reaction condition obtained in section 2.5, a
repetition of transesterification using the same catalyst was performed
until the yield of FAEE reached below 90 wt% to measure the reusability
of the CS-based CaO. All runs were conducted in triplicates.

2.4. Compositional analysis of LTW-based biodiesel using GC-FID

The FAEEs composition in the LTW-based biodiesel was identified by
Shimadzu GC-2014, with the split/splitless injection and the flame
ionized detection (FID) mode. The stationary silica phase used in the
chromatography separation is the narrow bore type of DB-WAX capillary
column (30 m x 0.25 mm ID x 0.25 pm film thickness, Agilent Tech-
nology, CA). Before analysis, 100 mg of biodiesel product was dissolved
in 2 ml of methyl heptadecanoate solution (10 pg/ml) which acts as an
internal standard. The mixture was then injected at a split ratio of 1:50
into the GC column which temperature has been initially adjusted at
50 °C before injection. The temperature profile of the instrument and the
carrier gas (helium, > 99.9%) purge flowrate for the compositional
analysis follows the study performed by Santosa et al. [31].

The chromatogram of the FAEE certified reference (10008188) was
used against that of the biodiesel product to identify the FAEE peaks.
The FAEE purity and yield were computed using equations (1) and (2).

YA page — Ars o VisCis
Ass MEAEE

FAEE Purity (F,, wi%) :( ) x 100% €h)

where > A pagg is the area sum of FAEE peaks, Ajs is the area of methyl
heptadecanoate peak, Vis is the volume of methyl heptadecanoate so-
lution (ml), Cis is the concentration of methyl heptadecanoate solution
(g/ml), m is the actual mass of the FAEE sample used in the GC-FID
analysis (g).

Run  Input Response (FAEE yield, wt%)
variables
A B C Experimental’ Predicted (Ypags)®  Standard deviation”

1 4 3 3 95.8 97.4 1.11
2 1 3 1 63.8 66.9 2.20
3 3 1 2 85.1 87.1 1.44
4 5 1 3 92.2 90.2 1.42
5 4 1 3 91.4 92.8 0.96
6 4 2 2 93.5 96.1 1.86
7 2 3 1 83.1 82.9 0.14
8 2 3 3 91.2 86.7 3.16
9 5 2 3 93.3 93.5 0.16
10 1 2 2 63.9 65.9 1.42
11 3 2 2 93.4 92.8 0.45
12 1 1 2 59.1 58.1 0.72
13 4 1 2 90.2 91.6 0.98
14 3 3 1 94.6 92.2 1.70
15 3 3 3 95.6 95.4 0.14
16 1 3 3 68.2 71.3 2.22
17 1 3 2 67.6 69.5 1.32
18 3 3 2 94.3 94.2 0.11
19 1 2 3 65.9 67.9 1.40
20 1 2 1 63.6 63.2 0.26
21 1 1 3 57.6 60.2 1.81
22 4 3 1 92.3 94.8 1.75
23 5 3 2 92.3 92.0 0.24
24 5 1 2 92.2 89.3 2.03
25 3 2 1 92.9 90.7 1.55
26 2 1 1 71.2 73.5 1.62
27 4 3 2 95.3 96.4 0.79
28 3 1 1 82.5 85.0 1.75
29 2 1 3 80.2 77.7 1.74
30 5 2 2 92.0 92.8 0.55
31 3 1 3 87.9 88.6 0.50
32 2 3 2 88.6 85.2 2.43
33 2 1 2 75.6 76.0 0.26
34 2 2 3 89.2 84.4 3.42
35 2 2 1 82.8 80.3 1.75
36 3 2 3 94.8 94.1 0.47
37 5 1 1 91.2 87.8 2.42
38 5 2 1 91.6 91.3 0.19
39 2 2 2 86.3 82.7 2.55
40 4 1 1 87.4 89.7 1.65
41 4 2 1 89.5 94.4 3.45
42 5 3 3 92.1 92.6 0.36
43 4 2 3 94.5 97.2 1.90
44 1 1 1 58.9 55.3 2.54
45 5 3 1 93.1 90.6 1.75

# The average standard error of estimate (SEE) between the two corresponding
responses is 1.24%.

b The deviation between the two corresponding responses for each run.

MFAEE

FAEE Yield (wi%) = <Tx F,,) x 100% )
LTW

where mgagg is the final FAEE mass obtained (g), myrw is the initial mass

of LTW (g) and F, is the FAEE purity obtained from equation (1).

2.5. Design of experiment and determination of optimum point using RSM

The statistical analysis using the combination of RSM and MLFD as
the design of experiment (DOE) was performed for the determination of
the optimum transesterification parameters to obtain the maximum
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Fig. 1. (a)-(b) FESEM images, (c) TGA analysis, (d) XRD pattern of CS-based CaO.

Table 3
The textural properties of CS and CS-based CaO.

Materials Specific surface area (Sggr, m2/g) Pore volume (Vp, cm3/g)
CS 0.91 0.022
CS-based CaO 12.47 0.081

yield of FAEE as the response. The input variables, namely m, (wt%), t
(h), and m,, (mol/mol) were chosen as the critical parameters due to
their relevance to the industrial applicability since these parameters
greatly affect the processing efficiency and operational cost. While both t
and m,, are separated into three levels: low (1), middle (2), and high (3),
m, is classified into five levels with an ascending order to accurately
observe the influence of the parameter on the yield of FAEE (wt%).
Table 1 presents the encoded parameters and their actual values.

The DOE matrix, shown in Table 2, lists the correlation between the
reaction parameters for each run with their corresponding experimental
and predicted responses (FAEE yield, wt%). To attain good data repro-
ducibility and accuracy, the experimental runs were carried out in
triplicates and randomized order. Analysis of variance (ANOVA) is
employed by using Minitab (ver. 18.1) with a confidence level of 95% to
generate the fitted equation, to describe the behavior of the three
operating variables on the yield of FAEE. The goodness-of-fit analysis on
the generated mathematical model is also evaluated using the R-squared
value.

The following equation (3) shows the correlation between the pre-
dicted response (FAEE yield, wt%) and the input variables, where Ygapg
is the predicted FAEE yield (wt%); ko, ki, ki, k; are the coefficients for

the intercept, linear, quadratic, and two-way interactions of the input
variables, respectively; X; and X; are the encoded reaction variables (A,
B, C). While the value of i lies between 1 and 3 for t and m,, it ranges
from 1 to 5 for m,.

3 3 3 3
YFAEE :ko + Z k,’Xi + Z k,,XLz + Z Z k,]X,.Xj (3)
i=1 i=1 =1 j=1

3. Results and discussions
3.1. Characterization of CS-based CaO

Fig. 1 (a) and (b) present the surface topographies of CS-based CaO.
It is notable that the catalyst particle is irregular in shape and has a
rough surface with a honeycomb-like structure (Fig. 1 (a)). The calci-
nation reaction at 900 °C removes a substantial amount of bound water
from the catalyst pores, hence creating high porosity [11]. However, it is
also evident from the FESEM images that catalyst particles are aggre-
gated, resulting in non-uniform particle size. Valverde et al. [32] stated
that the presence of carbon in the CS-based CaO will induce the for-
mation of COy during the calcination. This CO5 gas will then react with
the CaO product to produce calcium carbonate, the primary cause of
particle aggregation.

The textural properties of CS and CS-based CaO analyzed by nitrogen
sorption are provided in Table 3. The CS-based CaO has superior prop-
erties than those of raw CS. Yoosuk et al. [33] stated that the removal of
impurities and moisture during the high-temperature calcination plays a
critical role in improving the porosity and textural properties of the
CS-based CaO. As the surface area and pore volume of catalyst have a
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Table 4

The chemical properties of LTW.
Parameters Result
Moisture, wt% 11.45
FFA, wt% 18.89
Total crude fat, wt% 69.66
Molecular mass, g/mol 798.5
FA composition, wt%
C14:0 4.30
C16:0 28.70
Cl6:1 2.60
C17:0 0.70
C18:0 13.40
C18:1 43.50
C18:2 4.90
C18:3 1.80
C20:0 0.10

proportional influence on its catalytic activity, it is expected that
CS-based CaO has a comparable, if not superior, catalytic activity
compared to the existing CaO catalyst.

To demonstrate the thermal stability of the CS-based CaO, a ther-
mogravimetric analysis (TGA) was carried out, and its profile is
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presented in Fig. 1 (c). The figure shows a 5 wt% decrease when the
temperature is elevated from 595 °C to 650 °C which corresponds to the
evaporation of chemically-bound moisture [34], decomposition, and
transition of calcite (CaCOgs) to CaO [11]. As the complete decomposi-
tion of CaCOs can be achieved at the temperature of around 700 °C; the
selection of calcination temperature at 900 °C is deemed suitable to
ensure the complete phase transition of calcite and its derivatives to CaO
[34,35], which leads to the formation of a porous structure. Hu et al.
[11] also reported that the catalytic activity of a catalyst escalates along
with the activation [11]. The XRD image (Fig. 1 (d)) shows that the
diffraction pattern of CS-based CaO follows the characteristic fingerprint
of CaO (JCPDS file no. 82-1691) as the primary component and calcite
(JCPDS file no. 47-1743) as the minor substance.

3.2. Transesterification parameter study

The chemical properties of LTW are presented in Table 4, with pal-
mitic acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1) as the
three principal fatty acids constituting LTW. As homogenous catalysts
are sensitive to FFA and impurities, the conventional conversion of LTW
to FAEE requires at least a two-stage process: (1) acid-catalyzed esteri-
fication to generate FAEE from the FFA content in LTW, and (2) base-

toid Vi
Mot sovs of LTW 1o evhaned

b.1

Foactimn tivre

Catatyat oading

b.2
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Fig. 2. (a) The experimental and (b) the predicted FAEE yield (wt%), based on their interaction between (1) catalyst loading m, (wt%) and reaction time ¢t (h), (2)
catalyst loading m. (wt%) and molar ratio of ethanol to LTW m,,, (3) reaction time t (h) and the molar ratio of ethanol to LTW my,.
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Table 5
The three-way ANOVA study of the tested variables.
Term Coef SE Coef T-Value P-Value
Constant 92.76 1.01 92.25 0.000
A 13.433 0.561 23.95 0.000
B 3.507 0.486 7.22 0.000
C 1.713 0.486 3.53 0.001
A2 —13.432 0.948 —-14.17 0.000
B2 —2.127 0.841 —2.53 0.016
c? -0.347 0.841 —0.41 Non-significant
(A)(B) —2.190 0.687 -3.19 0.003
A —-0.613 0.687 —-0.89 Non-significant
B)(O) —0.105 0.595 —0.18 Non-significant
R-squared (R?) 0.9607
Adjusted R-squared (Adj-R%) 0.9506
Predicted R-squared (Pred-R?) 0.9317

catalyzed transesterification to convert the acyl glycerides into FAEE.
However, heterogeneous catalysts show good tolerance towards the FFA
and water content in the lipid materials, therefore efficient conversion
from LTW to FAEE can be achieved in a single step.

Fig. 2 presents the yield of FAEE obtained at various mg, t, and me,.
The experimental results indicate that the catalyst amount, specifically
the number of active sites offered by CS-based CaO, is proportional to
the yield of FAEE (Fig. 2 (a.1) - (a.2)). Its value increases with m. when
m, is within 3 wt%. A stagnant FAEE yield at m; > 3 wt% is monitored,

Yrape (FAEE yield, wt%) =13.23 +29.67(A) 4+ 15.51(B) +4.23(C) — 3.358(A%) —

which is probably contributed by (1) the aggregation and inconsistent
dispersity of the catalyst in the reaction system [36], and (2) the
enhanced viscosity of the LTW, ethanol, and catalyst mixture [37]. Wei
et al. [38] also reported that the reaction rate governing step is the
sorption of reactants from the catalyst; therefore, while the number of
active sites is important, further addition of catalyst higher than a
certain extent does not give a significant increase of the yield of FAEE.

Fig. 2 (a.1) and (a.3) show a mild increase of the FAEE yield by
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extending the duration of reaction from t = 2 h to t = 4 h. Prolonged ¢t
provides sufficient opportunities for the catalyst to be dispersed and
come into proper contact with the reactants, and ensures the reaction to
reach the equilibrium [21]; therefore, increasing the conversion of acyl
glycerides and FFA into FAEE. From another viewpoint, lengthening the
duration of the reaction also gives the catalyst enough time to adsorb the
reactants and desorb the resulting product [39].

The influence of my, is depicted in Fig. 2 (a.2) - (a.3). As seen from
the figure, having excess ethanol from m,, = 6:1 to m,, = 12:1 con-
tributes to a slightly higher FAEE yield, and its prominence is incom-
parable to the effect of m,. It is known that excess alcohol in the reaction
system triggers intensive contact between reactants and catalysts, hence,
accelerating the reaction rate. However, this is only beneficial to a
certain degree because the excess alcohol hinders the phase separation
and decreases the apparent FAEE yield [40].

3.3. Process optimization

To determine the optimum operating condition, RSM combined with
MLFD is statistically employed by simultaneously integrating three
critical parameters (m, t, m,,). Table 2 presents the relation between the
responses and their corresponding input variables. Using the least
square analysis, the experimental responses are found to fit into a
second-order polynomial model as follows:

2.127(B*) —0.347(C*) — 1.095(A)(B) — 0.307(A)(C) — 0.105(B)(C) @

where Ypagg is the predicted FAEE yield (wt%) which is presented in
Table 2; A, B, C are the coded level of reaction variables (1, 2, 3, 4, 5 for
A and 1, 2, 3 for B and C). The mathematical equation indicates that all
linear variables (A, B, C) give a favorable effect on the yield of biodiesel,
and conversely, the other variables (A%, B%, C2, (A)(B), (A)(C), (B)(C))
reduce the response. The statistical ANOVA results presented in Table 5
shows that all terms, except that of C2, (A)(C), and (B)(C), are prominent
to the reaction (p-value < 0.05), with the significance order of A > A% >
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Fig. 3. The Pareto chart of the standardized effect showing the significance order of various reaction variables.
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Fig. 4. The optimization plot of the reaction variables.
00 B> C > (A)(B) > B? as shown in Fig. 3.
The goodness-of-fit analysis for the fitted equation (equation (4)) is
o8 | ¢ Py measured by using the R-squared (Rz), where the R? value for the model
is obtained at 0.9607, pointing that 96.07% of the actual experimental
- ¢ I data can be interpreted by equation (4). The values of the adjusted and
. predicted R? are also respectively monitored at 0.9506 and 0.9317,
é - indicating that the predicted and experimental FAEE yields are in good
et agreement. Table 2 shows that the average standard error of estimate
E 9 (SEE) between the two corresponding responses is observed at 1.24% (n
& = 45), indicating sufficient data accuracy. Fig. 2 (b.1) — (b.3) further
R~ prove that both experimental and predicted plots share a similar
[ response profile. Therefore, the mathematical model is considered
) adequate to predict the response for all input variables within the tested
range.
%6 4 The optimized reaction condition is generated using Minitab (ver.
. ‘ . . 18.1) and predicted at m, = 3.87 wt%, t = 3.58 h, and m,, = 12:1. The
0 1 P 3 5 computed response at this condition is obtained at 97.9 wt%, with
. desirability = 1.0 (Fig. 4). To confirm the plausibility of the mathe-
Reaction cycles K o . X K
matical model, triplicate experiments are carried out at the optimum
Fig. 5. The catalytic activity of reused CS-based CaO. condition. The average FAEE yield is found at 98.7 + 0.4 wt%, with the
purity of 98.6 + 0.4 wt%. The established model is deemed reliable and
accurate for all operating conditions within the tested range, as the error
between the predicted and experimental results is only 0.85%. A
Table 6
The performance of various techniques for the production of biodiesel from waste-originated materials.
Lipid material Catalyst type Operating condition Biodiesel yield (wt Catalyst Reference
%) reusability
Vegetable oil wastewater N/A (Subcritical methanol) T =215 °C, P = 6.5 MPa, my,,” = 5:1, t =12 h 92.7 - [41]
sludge
Waste cooking oil Zn-doped waste-egg shells T =65 °C, m. = 5 Wt%, My’ = 20:1,t=4h 96.7 2 [42]
CaO
Tallow fats KOH T =60 °C, m, = 0.8 Wt%, My, = 6:1, t=2h 90.8 - [43]
LTW N/A® (Supercritical ethanol) T = 374.6 °C, P = 15 MPa, m,, = 40.02:1, t = 47.4 98.9 - [16]
min
LTW CS-based CaO T =60 °C, m, = 3.87 wt%, m,, = 12:1, t = 3.58 h 98.7 4 This work

@ Not available.

Y Mo stands for molar ratio of methanol to oil.



M. Yuliana et al.

Table 7
The properties of LTW-based biodiesel.

Properties Methods LTW- ASTM Diesel fuel
based D6751 (ASTM
biodiesel D975-08)

Kinematic viscosity ASTM 2.1 1.9-6.0 1D: 1.3-2.4

(at 40 °C), mm%*/s D445 2D: 1.9-4.1

Density (at 15°C,kg/  ASTM 865 - -

m?) D1298
Flash point, °C ASTM 167 93 min 1D: 38 min 2D:
D93 52 min
Cloud point ASTM 10.2 - -
D2500
Cetane number ASTM 53 47 min 46 min
D613

Water and sediment, ASTM 0.01 0.05 max 0.05 max

vol% D2709

Acid value, mg KOH/ ASTM 0.22 0.50 max -

g D664
Iodine value, g I,/ AOCS Cd 52.9 - -
100 g 1-25
Ester content, wt% EN 98.7 - -
14103
Linolenic acid ethyl EN 1.2 - -
ester content, wt% 14103
Polyunsaturated EN 6.1 - -
ethyl ester content, 15779
wt%
Total glycerine, wt% ASTM 0.16 0.24 max -
D6584
Free glycerine, wt% ASTM 0.01 0.02 max -
D6584
Sulfur, ppm ASTM 3.67 15 max 1D and 2D: 15
D5453 (S15) 500 max (S15) 500
max (S500) max (S500)
Phosphorus, ppm ASTM 0.21 10 max -
D4951
Carbon residue, wt% ASTM 0.002 0.05 max 1D: 0.15 max
D4530 2D: 0.35 max
Oxidation stability, h EN 12.7 3 min -
14112
Calorific value, MJ/ ASTM 44.67 - -
kg D240

relatively short reaction time (t = 3.58 h) and low catalyst amount (m, =
3.87 wt%) is highly beneficial in practice, as these variables directly
influence the production efficiency.

The reusability of CS-based CaO is presented in Fig. 5, where the
results show that the regenerated CS-based CaO can maintain a high
yield of FAEE (>90 wt%) until the fourth run before significantly decline
to 89.4 wt% in the fifth cycle. The FAEE yields for the first four cycles are
98.7 wt%, 98.2 wt%, 96.6 wt%, 96.0 wt%, with the respective purity of
98.6 wt%, 98.9 wt%, 97.3 wt, 98.2 wt%. The deactivation of CS-based
CaO is probably due to the clogged pores, caused by the deposition of
deactivation-induced molecules, e.g., free glycerol, acyl glycerides, and
biodiesel. The FFA content may as well deactivate the basic sites of CS-
based CaO through neutralization [5] to form calcium carboxylate. A
comparative study of the biodiesel production from waste-originated
materials using various methods is presented in Table 6. In general,
the conversion of LTW to biodiesel using CS-based CaO shows compa-
rable performance with the other preparation processes, indicated by its
high product yield (higher than 90 wt%) and reusability number.

3.4. Characteristics of LTW-based biodiesel

Table 7 presents the fuel properties of LTW-based biodiesel gener-
ated using CS-based CaO as a catalyst. The measurements indicate that
the properties of the resulting biodiesel product are in accordance with
the standard of ASTM D6751 and ASTM D975-08. A high flash point,
which is the result of the sufficient post-separation step, shows that the
product can be treated, stored, and transported safely. Its calorific value,
44.67 MJ/Kkg, is within the range of that of petroleum diesel fuel (42-46
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MJ/kg) [44]. The chemical compositional analysis of the LTW-based
FAEE using GC-FID shows that there are ten distinguished peaks in the
chromatogram: myristic acid ethyl ester (C14:0), myristoleic acid ethyl
ester (C14:1), palmitic acid ethyl ester (C16:0), palmitoleic acid ethyl
ester (C16:1), heptadecanoic ethyl ester (C17:0), stearic acid ethyl ester
(C18:0), oleic acid ethyl ester (C18:1), linoleic acid ethyl ester (C18:2),
a-linolenic acid ethyl ester (C18:3), arachidic acid ethyl ester (C20:0).

4. Conclusions

Successful conversion of LTW to biodiesel is achieved using a CS-
based CaO, with the highest FAEE yield of 98.7 + 0.4 wt% (purity of
98.6 + 0.4 wt%) obtained at the following reaction condition: m, = 3.87
wt%, t = 3.58 h, and m,, = 12:1. The CS-based CaO shows good reus-
ability; the FAEE yield stays above 90 wt% for four reaction cycles. The
fuel properties of LTW-based FAEE comply with ASTM D6751 and ASTM
D975-08. The valorization of CS and LTW will prominently allow better
environmental destination for these wastes and meanwhile offers an
environmentally benign route to produce high value-added renewable
energy.
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Present work proposes on the synthesis of nano calcium oxide derived from waste cockle shell (Anadara granosa) and applied as
heterogenous catalyst in biodiesel production via transesterification reaction under reaction parameter 15:1 methanol to oil ratio, 5 wt.%
catalyst and 3 hour reation time and constant temperature at 65 + 2 °C. The waste cockle shell was prepared in nano size via ball mill
technique which was run for 36 hours at 350 rpm speed and then calcined at 900 °C for 2 hours to decompose calcium carbonate, CaCOs

into nano calcium oxide, n-CaO. The catalyst was characterized by particle size analyzer, Transmission Electron Microscopy, Field
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was 88.87 wt.%.

Emission Scanning Electron Microscope, Surface Area Analyser, X-Ray Diffractometer, Fourier transform infrared, Hammet indicator
and benzoic acid titration. Particle size of n-CaO catalyst was found within the range of 29 nm to 67.5 nm. Specific surface area of
synthesised n-CaO is 8.41 m?/g with basicity strength of 0.055 mmol/g. Methyl ester conversion of palm oil with n-CaO as a catalyst

Keywords: cockle shell, nano CaO as heterogeneous catalyst, particle size, specific surface area, basicity strength, methyl ester yield

INTRODUCTION

Massive consumption of fossil fuel for numerous purposes cause the deficiency
of natural resources available nowadays. At the same time fully relying on
renewable energy sources such as solar, wind energy and biomass as an
alternative energy source makes life of people even more devastating as this type
of energy source not always available at any time anywhere and expensive. This
cause biodiesel becoming better and cheaper alternative than any other sources
(Bankovi¢-Ili¢ et al., 2017; Bhuyar et al., 2020; Saengsawang et al., 2020).
Generally, biodiesel is biodegradable, nontoxic, and has lower carbon dioxide
and sulfur emissions when utilised in internal combustion engines. Biodiesel can
be produced via several processing method. It can be produced via supercritical
process, catalyst-free mehod at high temperature and pressure (Bunyakiat et al.,
2006), ultrasonic reactor method (Malek et al., 2020) and enzyme-catalysed
method (Du et al., 2004). Common way of producing biodiesel is through
transesterification process of oils or fats with methanol (Ahmad et al., 2020).
Biodiesel feedstock can be derived from various sources such as plant oils (Ge,
Yoon, and Choi 2017; Ishola et al., 2020), animal (Toldra-Reig, Mora, and
Toldra 2020), microalgae (Khammee et al., 2020) and microbial (Bhuyar et al.,
2020; Boock et al., 2019). Transesterification reaction of biodiesel can be
accelerated with the aid of inorganic (heterogeneous or homogeneous) or organic
catalysts (enzymes). Inorganic heterogeneous catalysts offer abundant benefits
relative to either inorganic homogenous or organic catalyst including ease of
separation, recovery of catalyst, reusability of catalyst, cheap and minimized
corrosion (Mazaheri et al., 2018; Bhuyar et al., 2019).

Among the heterogeneous catalyst that was used in transesterification reaction,
calcium oxide, CaO proven to be highly effective catalyst in biodiesel production
by many literature studies. CaO is inexpensive, easily available, noncorrosive,
environmentally friendly, easy to handle material with low solubility and high
basicity which can be reused (Borah et al., 2019). These benefits triggered
interest of many researchers for further investigations of CaO for the purpose of
improvement of its properties. There are abundant sources of CaO around the
world, but the cockle shell (Anadara granosa) is known to be rich in CaO. The
generation of waste cockle shells which are easily available make it feasible for
the shell to be used as a catalyst in the biodiesel industry which lead to
production of biodiesel in an inexpensive way as the catalyst used is derived from
waste shell as well.

However, according to (Bankovié¢-Ili¢ et al., 2017), the role of nanoparticles in
catalytic processes affect conversion rate of methyl ester due to their catalytic
properties, which are very high surface reactivity, large pore size and large
surface area compared to macroscopic catalysts. It makes the nano size particle to
be more attractive as catalysts for higher conversion rate of methyl ester in
biodiesel production.

Hence, the main purpose of this study is to prepare nano calcium oxide, nCaO
catalyst from cockle shells (Anadara granosa) and evaluate the performance of
the synthesized n-CaO compared to commercial calcium oxide c-CaO as a
catalyst in the transesterification of palm oil into biodiesel. The properties of both
catalysts were studied via characterization by particle size analyzer, Transmission
Electron Microscopy, Field Emission Scanning Electron Microscope, Surface
Area Analyser, X-Ray Diffractometer, Fourier transform infrared, Hammet
indicator and Benzoic acid titration. The reaction parameters which are methanol
to oil ratio, reaction time, and catalyst amount are optimized to 15:1, 3 hours, and
5% respectively. Finally, the comparison of methyl ester conversion at each
30minutes interval for both n-CaO and c-CaO catalyzed reaction was determined
through analysis of thin layer chromatography and gas chromatography-flame
ionization detector.

MATERIAL AND METHODS
Materials

Refined bleached deodorized palm oil (RBDPO) was purchased from local
groceries. Waste cockle shells were collected from local restaurants. Internal
standard (methyl heptadecanoate) and calcium oxide were obtained from Sigma-
Aldrich. Potassium hydroxide, methanol, acetone, and n-hexane were obtained
from Merck. Chloroform was provided by Surechem product Ltd.
(Soffolk,England) and phenolphthalein (H+=8.2) , 2,4-dinitroanilline (H+=15.0),
4-nitroanilline (H+=18.4) were purchased from Sigma (Deisenhofen,Germany).
Both anhydrous sodium sulphate and petroleum ether (60 °C-80 °C) were
obtained from BDH Chemical Ltd.(Poole,England). All the chemicals mentioned
above were analytical reagent grade. Thin Layer Chromatography (TLC)
aluminum sheets were purchased from Merck (Darmstadt, Germany).
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Preparation of catalyst

The waste cockle shells were washed thoroughly with warm water and then dried
under daylight for 48 hours before crushed in a pestle and mortar. Then, the
crushed shells were grinded using a dry mill grinder to obtain gross powder and
sieved using 100 um sieve tray and micron sized powder obtained. After that,
ball milling process for 36 hours with 350 rpm speed was conducted using
Planetary Ball Mill (Retsch, PM100) to get further finest powder in nano size.
After been ball milled, half amount of the ball milled powder was calcined in
furnace at 900 °C for 2 hours. The calcined CaO powder (labeled as n-CaO) was
stored in an air-tight glass container and then placed inside a desiccator to avoid
any moisture content. The c-CaO powder was also calcined at 900 °C for 2 hours
to be used as reference to compare its efficiency with the synthesized n-CaO in
biodiesel yield.

Catalyst Characterization

The surface morphology of the synthesized uncalcined and calcined n-CaO
catalyst were studied through scanning electron microscopy with electron
dispersive x-ray (SEMEDEX) that was obtained using Field Emission SEM
(FESEM). Malvern Zeta sizer model Nano-S90 particle size analyzer measured
average particle size distribution of catalyst. photomicrographs were obtained
using FEI/Technai G2 20 TWIN model Transmission Electron Microscope. The
surface area of the catalyst was determined using Micromeritics ASAP 2020 by
using Brunauer, Emmet and Teller (BET) analysis from the corresponding
nitrogen adsorption—desorption isotherms at liquid nitrogen temperature (-196
°C). The x-ray diffraction analysis (XRD) was used to study the crystallography
of calcium carbonate, CaCOs and CaO presence in the synthesized uncalcined
and calcined nano catalysts using an X-ray Diffractometer (Bruker, model D8
Advance). FTIR Perkin Elmer System 2000 instrument used to determine the
surface functional group of the solid catalyst compound in the range of 400 to
4000 cm™. The Hammett indicators such as phenolphthalein (H_ = 9.3), 2,4-
dinitroaniline (H_ = 15.0) and 4-nitroniline (H_=18.4) were used to determine the
catalyst basicity strength. Solid catalyst basicity was analyzed by benzoic acid
titration method (Bampidis and Robinson 2006) where the solid catalyst was
suspended in benzene and was titrated with 0.01N benzoic acid. The endpoint of
titration was determined when all the green color disappeared.

Transesterification

Biodiesel was produced from palm oil through base-catalyzed transesterification
process with presence of methanol and potassium hydroxide as catalyst. The
reaction was done at condition of 15:1 methanol to oil ratio, 5 % catalyst and 3
hours reaction time at constant temperature of 68 + 2 °C was carried out. The
contents were refluxed under magnetic stirring. Tap water was allowed to flow
inside the condenser to prevent methanol from evaporating which might ruin the
reaction. At each 30 min interval, small amount of sample from the product
mixture in the flask reactor were taken. The samples were centrifuged at 5000
rpm for 20 minutes to reach complete phase separation. After that, fatty acid
methyl ester (the top layer) was analyzed to determine the percentage content of
methy! ester.

Analysis and characterization of methyl ester

In thin layer chromatography (TLC) technique, sample and standard (methyl
heptadecanoate) were dotted on the plate and left inside the flask containing the
mixture of petroleum ether and chloroform (3:2 volume ratio). Once the solvent
has reached the upper line drawn at the top as indicator, TLC plate was taken out
and shaken with small amount of solid iodine to enable separation to be seen very
well. Besides, standard and sample was analyzed through gas chromatography
(Agilent 7890A-GC) using flame ionization detector (FID) with a polar capillary
column (HP-INNOWax 30 m x 0.25 mm, i.d x 0.25 pm) was used to determine
conversion of methyl ester. As for characterization of methyl ester was carried
out in terms of acid value (ASTM D664).

RESULTS AND DISCUSSION
Catalyst characterization
Field emission scanning electron microscope (FESEM)

FESEM analysis proved that calcination process at 900 °C for 2 hours on n-CaO
catalyst prepared from cockle shell changed the morphology of the CaO from
irregular shapes to a smooth cluster of well- developed cubic crystal. Besides,
more pores with smooth surface was shown by calcined CaO nano catalyst as
shown in figure 1(a) compared to uncalcined CaO nano catalyst where a rough
surface with no pores observed as shown in figure 1(b).

Figure 1 FESEM micrographs of (a) calcined nano CaO and (b) uncalcined nano
CaO

Particle size analysis

Particle size distribution of the uncalcined CaO were mostly in the range between
1000 to 10000 nm but after calcined at 900 °C for 2 hours, its size reduced to
below 1000 nm. This proved that calcination process leads to reduction of
particle size of the CaO catalyst. Whereas, the synthesized CaO catalyst before
ball milled was 969.3 nm in size but after ball milled for 36 hours at 350 rpm
speed the particle size obtained was 104 nm and the frequency distribution curve
for this was shown in figure 2 (a). This proved that ball milling process is an
efficient way that able to reduce the micron size particles to nano scale particles
(Wong et al., 2014).
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Figure 2 Zone Graph of size distribution by intensity of (a) synthesised n-CaO
and (b) c-CaO catalyst

Transmission electron microscopy (TEM)

Based on the TEM result, the size of the synthesized CaO is in the range from 29
nm to 67.5 nm and the average particle size of the synthesized nano calcined CaO
is approximately 43.16 nm. Hence, it is proven that through ball milling process
for 36 hours at 350 rpm speed the shell derived CaO catalyst can be made into
nano size catalyst powder.

Surface area analysis (BET)

Surface area of n-CaO and c-CaO was determined by Brunauer-Emmett-Teller
analysis and gave a BET value of 8.41 m2/g and 3.0 m2/g, respectively. n-CaO
and c-CaO. The smaller particle size of nano CaO catalyst cause its surface area
to be larger. According to the International Union of Pure and Applied Chemistry
classification, calcined commercial CaO figure 3(a) catalyst exhibit type V
isotherm which explained non-porous form of catalyst. Whereas, CaO catalyst
exhibit the type-1V isotherm based on figure 3(b) with type H4 hysteresis loop,
which means that the synthesized catalysts having mesoporous structure.
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Figure 3 N2 adsorption-desorption isotherm of (a) calcined commercial CaO and
(b) calcined nano CaO

X-ray diffraction (XRD) analysis

Figure 4(a) shows the XRD pattern of the synthesized nano CaCOs powder
before calcination treatment at 900 °C for 2 hours the peaks at 2027.426, 33.296,
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38.696, 46.030 48.576, and 52.560 with higher intensity indicated the presence of
carbonate (COs?-) in that sample. The main peaks of CaCO; observed on the
uncalcined nano CaCOs catalyst were very similar with data from Joint
Committee on Powder Diffraction Standard (JCPDS) file. Presence of CaO peaks
at 20 32.2560, 37.30, 53.966, 64.240 and 67.460 were observed for the
synthesized calcined nano CaO catalyst as shown in figure 4 (b).
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Figure 4 XRD pattern of the synthesized n-CaO (a) before and (b) after calcined.
Fourier Transform Infrared Spectroscopy (FTIR)

As shown in figure 5(b), the appearance of a small peak at 2922.45cm-1
absorption band depicted that there is still some carbonate, COs2- compound at
very low intensity available in the commercial calcined CaO catalyst. This might
be due to the incomplete decomposition of the CaCOs into CaO. Whereas, the
disappearance of moderate to weak signals and the shifting of absorption bands
corresponding to CO32— after calcination of the synthesized nano CaO as shown
in figure 5 (a) verified the decomposition of CaCO3 to CaO. IR absorption bands
in the uncalcined and calcined cockle shell derived CaO catalyst spectra
completely matched with FTIR spectrum of the reported literature (Laskar et al.,
2018).
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Figure 5 FTIR spectrum of the (a) synthesized nano CaO catalyst before and
after calcined and (b) commercial CaO catalyst before and after calcined.

Hammett Indicator

The color of 2,4-dinitroaniline and 4-nitroaniline remain unchanged whereas
color of phenolphthalein indicator changes to pink after 2 hours for both calcined
commercial and n-CaO catalyst indicating H value for both the catalyst falls
within the range of 8.2 to 15.

Benzoic acid titration method

The basicity value of the synthesized nano calcined CaO was 0.055 mmol/g
which is higher than commercial calcined CaO which is 0.025 mmol/g. The result
obtained was supported by research findings (Syazwani et al., 2017), where
natural derived waste shell contains higher amount of total basicity than
commercial CaO catalyst which responsible for its higher catalytic activity.

Analysis of methyl ester

Based on Thin Layer Chromatography (TLC) result, the conversion rate of oil to
methyl ester for calcined n-CaO catalyzed transesterification was found to be
faster at each 30 minutes interval compared to calcined c-CaO catalyzed
transesterification reaction. According to GC-FID result as shown in figure 3.6, it
was shown that the overall rate of conversion of palm oil to methyl ester when
using synthesized calcined n-CaO catalyst was much greater compared to that of
calcined c-CaO catalyst. For the synthesized n-CaO catalyst, the nano size of the
catalyst particle possess a large BET surface area which increase the availability
of the basic sites on the catalyst surface for reaction compared to the c-CaO
catalyst (Maniam et al., 2015). This accelerates the rate of transesterification
contributing to higher conversion of oil to methyl ester (Bharti, Singh, and Dey
2019).

100

70 -
60 -
m t
40 |
30

20

10 |

Methyl Ester content (%¢)

0 1 2 3
Time (hours)

—0—MNanocaldned (a0 —@— Commercial calcined Ca0

Figure 6 Graph of methyl ester yield (%) against time for both commercial and
nano calcined CaO catalyst.

Characterization of methyl ester

The acid value of methyl ester obtained using commercial CaO catalyst were
much higher than that of using the synthesized nano CaO catalyst which were
confirmed with the ASTM standard.

CONCLUSION

CaO nanostructure derived from Anadara granosa cockle shell was prepared by
calcination process at 900 °C for 2 hours. n-CaO exhibit better catalyst
performance compared to c-CaO with higher methyl ester conversion of
(88.87%). According to the obtained results, nanostructure of CaO catalyst
provides a better characteristic of catalyst. Higher BET surface area (8.41 m2/g),
smaller particle size (~100 nm) and higher basicity (0.055 mmol/g) contribute to
the higher catalytic activity in transesterification reaction compared to c-CaO.
Smaller particles increase the number of available active sites for the
transesterification reaction to occur effectively and with higher rate, that are
evident from the higher methyl esters conversion as well as higher basicity.
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Abstract: This study introduces an innovative approach to sustainable biodiesel production using
mussel shell-derived calcium oxide (CaO) as a catalyst for converting Jatropha curcas oil into biodiesel.
By repurposing waste mussel shells, the research aims to provide an eco-friendly and cost-effective
solution for environmentally responsible biodiesel production, aligning with global standards. The
study involves characterizing the catalyst, optimizing reaction conditions, and achieving a remarkable
99.36% Fatty Acid Methyl Ester (FAME) yield, marking a significant step toward cleaner and more
economically viable energy sources. Biodiesel, recognized for its lower emissions, is produced
through transesterification using mussel shell-derived CaO as a sustainable catalyst. This research
contributes to cleaner and economically viable energy sources, emphasizing the importance of
sustainable energy solutions and responsible catalytic processes. This research bridges the gap
between waste management, catalyst development, and sustainable energy production, contributing
to the ongoing global shift towards cleaner and more economically viable energy sources.
Keywords: biodiesel production; mussel shell-derived CaO catalyst; sustainable catalyst;
transesterification; Jatropha curcas oil; renewable energy

1. Introduction

The global energy landscape is currently characterized by increased greenhouse gas
emissions, including CO,, and how combusting fossil fuels affect the environment. In
response, there is a pressing need to transition towards sustainable alternative fuels, includ-
ing biodiesel, bioethanol, and biomass, which align with the sustainability goals outlined
in Saudi Arabia’s Vision 2030 strategy [1,2]. This transition is essential to mitigate the
environmental challenges posed by the current energy paradigm [3].

Biodiesel, as a sustainable energy source, offers a compelling alternative to traditional
petroleum diesel. Its green credentials include renewability, biodegradability, non-toxicity,
reduced CO and CO; emissions, sulfur-free composition, and straightforward produc-
tion [4]. Moreover, biodiesel is environmentally friendly because it minimizes hazardous
exhaust emissions [5,6].

Mussel shell formation is a vital natural process in marine ecosystems, where mussels
actively produce calcium carbonate for their protective shells. These shells contribute sig-
nificantly to marine habitats, providing shelter and influencing local biodiversity. Beyond
its ecological importance, researchers explore mussel shell production for potential applica-
tions in materials science and environmental remediation [7]. The annual production of
mussel shells thus stands as a crucial element in the intricate balance of marine ecosystems,
influencing biodiversity and contributing to the overall health of coastal environments [7].
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Catalysts are essential in biodiesel production, with three primary types: homoge-
neous, heterogeneous (basic or acidic), and biocatalysts [8]. Heterogeneous catalysts are
gaining popularity due to their environmental and economic advantages [9]. Biodiesel
production is shifting towards non-edible oils like J. curcas, which offer high oil content
and can grow in adverse conditions without competing with food sources [10]. Hence, J.
curcas oil is a promising candidate for biodiesel transesterification [11,12].

Catalysts are crucial in facilitating the dominant technique to produce biodiesel, the
transesterification process [13]. Homogeneous catalysts, heterogeneous catalysts, and
biocatalysts constitute the three primary categories, each further classified into acid and
base catalysts [14]. Homogeneous catalysts, such as KOH and NaOH, are commonly used
as base catalysts. However, their retrieval and the substantial volume of wastewater from
catalyst separation present significant drawbacks [15]. In contrast, heterogeneous catalysts
offer several advantages, notably in mitigating environmental and economic drawbacks
related to homogeneous catalysts [16]. Heterogeneous catalysts can be separated and reused
more efficiently, minimizing the environmental footprint. This streamlined separation
process reduces wastewater generation and simplifies biodiesel synthesis, eliminating the
need for certain process steps [17].

The transesterification process, a key step in biodiesel synthesis, is influenced by
various factors, such as the catalyst type, reaction conditions (like temperature, time, and
reactant ratios), and the ability to reuse the catalyst [18,19]. Understanding how these
factors impact biodiesel production is crucial for optimizing the process and ensuring
high-quality biofuels. Additionally, exploring the use of natural waste products like
chicken eggshells, crab shells, mussel shells, and clamshells, all rich in calcium carbonate
(CaCO;3), presents an interesting opportunity. These discarded shells could create CaO-
based catalysts, especially suitable for biodiesel synthesis at high temperatures [20-22].

Transesterification using mussel shells as a heterogeneous catalyst offers several
advantages [23]. Firstly, they show potential for high catalyst yields. Secondly, waste
materials promote environmental sustainability. Thirdly, they are cost-effective, lowering
biofuel production costs and supporting the shift to sustainable energy sources. Lastly,
their ready availability in substantial quantities locally adds to their appeal as a catalyst
source [24,25].

This study introduces a fresh perspective to the field of biodiesel production. Its
primary objective is to investigate the use of discarded mussel shells as a renewable source
for a solid base catalyst, which represents a departure from traditional catalyst materials.
This novel application addresses environmental concerns and taps into the abundance
of cost-effective waste materials. The choice of mussel shell-derived CaO as a catalyst is
motivated by its potential advantages over commercially available CaO. Additionally, the
research aims to identify the optimal operating conditions that balance the quantity and
quality of biodiesel, addressing efficiency challenges. This study underscores the research’s
dedication to addressing modern energy and environmental issues through inventive,
environmentally conscious methods.

2. Results
2.1. Transesterification Reaction

The study examined the process parameters for trans-esterifying J. curcas oil into
biodiesel using the mussel shell waste catalyst. It investigated the influence of reaction
temperature, time, methanol-to-oil ratio, calcination temperature, and catalyst amount.

2.1.1. Impact of Reaction Time

The reaction time is a crucial factor in optimizing biodiesel yield. Batch experiments
were conducted with consistent conditions: 50 g of oil, 110°C, methanol-to-oil ratio of
1:12, 6 wt.% catalyst calcined at 900°C, and varying reaction times of 3, 4, 5, and 6 h.
Figure la indicates that the conversion percentage rose from 40.90% to 46.54% as the
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transesterification time extended from 3 to 6 h. However, at 5 h, there was a slight drop to
44.79%, but the highest conversion of 62.51% was achieved after 6 h.

100 90
b
90 (@) 80 ®

80 70
60
O/O\/ £

o ©

40
30
20
10

o
Conversion %

Conversion (%) hh
w b U N
o o

N
o

=
(=]

(=]

70 20 110 130
1 2 3 4 S 6 7

Reaction time (h)

100 o—

© %0 T, @
80
70

60
50
40
30
20
10

Reaction temperature

.
8388

Conversion (%)
Conversion (%)

BN WS N
©O O O0OO0O0OO0 OO0

1:04 1:12 1:19 1:26 790 200 1100 1300

calcinated temperature (°C)
Methanol to Oil molar Ratio

100 (e)
90
80
70
60

0% 2% 4% 6% 8% 10% 12% 14%
Catalysts concentration (wt.%)

Conversion (%)
wv
o

Figure 1. (a) Effect of reaction time on biodiesel yield. (b) Effect of reaction temperature on biodiesel
yield. (c) Effect of molar ratio on biodiesel yield. (d) Effect of catalyst calcination temperature on
biodiesel yield. (e) Effect of catalyst concentration.

2.1.2. Effects of Different Reaction Temperatures

Temperature significantly affects the biodiesel reaction and its yield. This study
conducted transesterification for 6 h with a 12:1 molar ratio, using 6 wt.% of mussel waste
shell catalyst calcined at 900°C. Different temperature ranges (90, 100, 110, and 120°C)
were investigated. As shown in Figure 1b, the reaction rate decreased with increasing
temperature, resulting in reduced yield, especially at 120°C. The maximum methyl ester
yield, approximately 77.78%, was achieved at 90 °C, while it dropped to 71.03% at 100 °C,
62.01% at 110 °C, and 50.53% at 120 °C.

2.1.3. Impact of Various Methanol to Oil Ratios

The molar ratio between methanol and oil is a crucial factor in manufacturing biodiesel.
While the stoichiometric molar ratio for transesterification is 3:1, higher ratios are often
used to expedite the reaction and increase product yield. In this study, J. curcas oil was
subjected to transesterification with varying methanol to oil molar ratios (12:1, 14:1, 18:1,
and 21:1) using 6 wt.% of calcined mussel shell catalyst for 6 h at 90 °C. Figure 1c shows
how the molar ratio affects the amount of biodiesel produced. Initially, increasing the molar
ratio led to a higher yield. The highest yield of 99.36% was achieved at a 1 molar ratio of
18:1, but it started to decline when the ratio was further increased to 21:1.
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2.1.4. Effect of the Calcined Catalyst Temperatures

Mussel shell catalysts were subjected to different calcination temperatures (800, 900,
1000, and 1100 °C) and then used in transesterification processes with a methanol-to-oil
molar ratio of 18:1 for 6 h at 90 °C. The influence of calcination temperature on the oil yield
percentage is depicted in Figure 1d. It is evident that the percentage yield increased as the
calcination temperature rose. The highest yield was 99.36% at 900°C, which is consistent
with SEM results. However, when the calcination temperature exceeded 900 °C, the yield
percentages dropped to 87.73% at 1100 °C.

2.1.5. Impact of Catalyst Concentration

To assess the impact of catalyst quantity on the maximum conversion of J. curcas,
methyl ester catalysts calcined at 900 °C were used in amounts of 3, 6,9, and 12 wt.% at a
temperature of 90 °C for 6 h, and with a molar ratio of 18:1. As depicted in Figure le, the
quantity of catalyst added significantly influences the conversion of J. curcas oil to biodiesel.

Increasing the catalyst amount from 3 to 6 wt.% resulted in a significant increase in the
methyl ester content of ]. curcas oil, rising from approximately 58.66% to 99.36%. However,
as the catalyst quantity increased to 9%, the conversion efficiency dropped to 65.89%. The
yield increased to 63.88% when the catalyst quantity was raised to 12%.

2.2. Catalyst Characterization
2.2.1. Thermogravimetric Analysis

To find the optimal calcination temperature for CaO production, we conducted a
DSC/TGA analysis on the mussel shell sample, and the results are depicted in Figure 2.
Initially, between 50 and 400 °C, a decrease in mass occurred due to the removal of surface-
adsorbed water. The most significant mass loss, observed from 400 to 600 °C, was attributed
to eliminating mineral or volatile components in the mussel shell. Notably, between
600 and 800 °C, there was a maximum weight reduction, indicating complete decomposition
at 800 °C with the simultaneous release of CO;, as shown in reaction 1. Beyond 800 °C, the
sample’s weight remained constant at 53.31 wt.%.

TG %

50

200 400 600 800 1000
Te mpe rature °C

Figure 2. DSC/TGA analysis of mussel shells.

2.2.2. Thermogravimetric Analysis

The Fourier transform infrared spectra of non-calcined and calcined mussel shell

catalysts at temperatures of 800, 900, 1000, and 1100 °C are depicted in Figure 3. Initially,

absorption bands in the non-calcined mussel shell are observed at 705 cm~—!, 858 cm ™1,



Catalysts 2024, 14, 59

50f18

1099 cm~!, and 1457 cm~!. During calcination, as CaCOj3 in the mussel shell decomposes
into CaO, releasing CO, the strength of these absorption bands at 3693 ecm~1 1436 cm™1,
and 865 cm~! decreases. Additionally, the production of basic OH groups attached to the
calcium atoms produces a distinct sharp band at 3639 cm .
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Figure 3. FTIR spectra of mussel shell catalyst non-calcined and calcined at 800, 900, 1000, and 1100 °C.

2.2.3. Thermogravimetric Analysis

Figure 4 displays the chemical constitution of waste mussel shells upon being calcined
for 4 h at temperatures of 800, 900, 1000, and 1100 °C. The primary mineral component,
as revealed by XRF analysis, is CaO. The waste mussel shell catalysts contain high CaO
concentrations, ranging from 98.67 to 98.85 wt.%. This substantial presence of calcium
suggests that the initial material was composed of CaCOj;, which becomes CaO after
calcination.

The methyl ester composition in biodiesel was analyzed at different calcined catalyst
temperatures using gas chromatography-mass spectrometry (GC-MS). The components
of methyl ester examined included Palmitoleic ME (C;7H3,0;, C16:1), Palmitic Acid ME
(C17H340z, C1620), Linoleic Acid ME (C19H3402, C1832), Oleic Acid ME (C19H3602, C18:1),
Stearic Acid ME (C19H330,, C18:0), and Crotonic Acid ME (C5HgO,, C4:0). All the above
components were found at 900°C, as shown in Figure S1.

2.2.4. Sample Structures

Figure 5 presents the XRD patterns of natural and calcined mussel shells. The natural
mussel shells show a predominant composition of CaCOs3, as indicated by the XRD results,
with no discernible CaO peak. However, with increased calcination temperature, CaCOj3
completely transforms into CaO, accompanied by the release of (CO,). The main component
of calcined catalysts at or above 800 °C is the active ingredient (CaO). The XRD pattern
exhibits sharp, high-intensity peaks, signifying the well-defined crystalline structure of
the CaO catalyst. The catalyst peak is observed at 20 values of 32.28°, 37.45°, 54°, 64.33°,
67.56°, and 79.89°, indicating reflections from planes with (111),(200),(220),(311),
(222), and (4 0 0) orientations, respectively (JCPDS card 01-075-0264). These peaks align
with the CaO standard pattern and the XRF investigation, which revealed a substantial
concentration of CaO.
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2.2.5. Morphological Properties

80

Scanning electron microscopy images at various magnifications are presented for
mussel shells calcined at 800 °C (Figure 6), 900 °C (Figure 7), 1000 °C (Figure 8), and
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1100 °C (Figure 9). In the SEM image of the sample calcined at 800 °C, the particles exhibit
a relatively smooth and slightly cracked surface. However, in the sample calcined at 900 °C,
the surface becomes rougher and more cracked; suggesting increased surface area and
enhanced contact between reactants and the catalyst surface. Furthermore, the samples
calcined at 1000 °C and 1100 °C display a similar morphology with a roughly textured
surface, albeit less cracked than those calcined at 900 °C.

10.0kV 10.8mm x6.00k SE(M) 5.00um

10.0kV 10.8mm x30.0k SE(M)

10.0kV 10.8mm x60.0k SE(M)

Figure 6. SEM image of a mussel shell subjected to a temperature of 800 °C for 4 h.
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Figure 7. SEM image of a mussel shell subjected to a temperature of 900 °C for 4 h.
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Figure 8. SEM image of a mussel shell subjected to a temperature of 1000 °C for 4 h
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Figure 9. SEM image of a mussel shell subjected to a temperature of 1100 °C for 4 h.
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2.2.6. Chemical and Physical Properties of J. curcas Methyl Ester and Number of Reusability

The results in Table 1 indicate that the prepared biodiesel meets most standards
for diesel fuels, although it slightly exceeds the cloud point limit. However, its density
(0.856 g/ cm?) and calorific value (38.140 MJ/ kg) are within acceptable limits. The distil-

lation profile (98-309 °C) suggests suitability for diesel engines.

The flash point (110°C)

exceeds the minimum requirement, and viscosity (4.89 mm? /s) falls within specified ranges

for both standards.

Table 1. Chemical and Physical Properties of J. curcas Methyl Ester.

Contents ASTM D-6751 Prepared Biodiesel EN 14214
Cloud point —3t015°C o
Pour point —5to 10 pp -3pp e
Calorific value - 38.140 MJ /kg 32.9
Viscosity 1.9-6 mm? /s 4.89 mm?/s 3.5-5mm?/s
Cetane number 47-65 50.5 51 to 120
Density at 15 °C 0.82-0.9 g/cm? 0.856 g/cm3 0.86-0.9 g/cm?
Flash point >120 °C 110 °C >120 °C
Oxidation stability Max. 3 h 45h Min. 6 h
Sulfur content <15 ppm 8 ppm <10 ppm
Free glycerol content <0.020% wt.% 0.011% wt.% <0.020% wt.%
Total glycerol content — 0.032% Max. 0.25%
Iodine value <1201,/100 g 99.21,/100 g <1201,/100 g
Phosphorus content Max. 10 ppm 5 ppm Max. 10 ppm
Water content Max. 500 ppm 350 ppm Max. 500 ppm
Ash content Max. 0.01% 0.005% Max. 0.02%
Carbon residue Max. 0.050% 0.035% Max. 0.20%
Acid value <0.050 mg KOH/g 0.030 mg KOH/g <0.050 mg KOH/g
Vol. Temp. °C
Distillation profile Initial 50 mL 191
boiling point 80 mL 296
90 mL 309

The catalyst, prepared with 6% by weight, calcined at 900°C, and a methanol-to-oil
ratio of 18:1 at 90 °C for 6 h, was tested through multiple cycles. Results demonstrate that
the calcined mussel shell can be reused up to five times, with FAME yields of 99.2%, 94.13%,
81.53%, 76.56%, and 66.41% for each cycle, as illustrated in Figure 10.

Catalyst reusability

120

100 94.13

80

60

Conversion%

40

20

Figure 10. Number of reusability for the Jatropha curcas catalyst.
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3. Discussion

Over the past decade, the world’s energy demand has seen a significant increase,
driven by rapid industrialization. Traditional energy sources not only lack sustainability
but also pose environmental challenges. The expanding global industries have hastened the
depletion of conventional resources [26]. Projections indicate a 40% increase in worldwide
energy demand from 2010 to 2030. Biodiesel, a biofuel capable of substituting petroleum-
based diesel, comprises a chemically intricate mixture of fatty acid mono-alkyl esters,
primarily derived from plant oils or animal fats. Non-edible sources are favored for
biodiesel production due to their cost-effectiveness and lack of competition with food
supplies [27].

Jatropha curcas, an agricultural plant with abundant oil content, can thrive in marginal
soils in tropical and subtropical climates. This plant offers various economic benefits while
aiding soil improvement and erosion prevention. Its latex leaves and fruit can be used to
make medicine, manure, and insect repellent. Additionally, press cake from Jatropha can
be used to generate biogas. Over the last decade, numerous Jatropha projects worldwide
have capitalized on the potential value chain it offers [28].

Catalysts play a crucial role in the transesterification process [29]. When transforming
vegetable oils into biodiesel, heterogeneous catalysts show potential. Unlike homogeneous
catalysts, heterogeneous ones can be reused, regenerated, and employed continuously [30].
Our study aimed to create biodiesel from crude J. curcas oil using mussel waste shells as a
sustainable source for a heterogeneous catalyst. We conducted various tests to comprehend
the catalyst’s properties, including TGA, XRD, XRF, SEM, and FTIR.

Various factors impact the transesterification process, and their optimization is crucial
to achieving high-quality biodiesel meeting regulatory standards. Each of these factors
plays an equally vital role in the process.

Thermal stability (TGA) is a common method to determine the calcination temperature
of biomass precursors, assessing compound loss at different temperatures [31]. Previous
studies have reported the conversion of CaCOj into CaO at different calcination tempera-
tures. Research by Rahman et al. [32] investigated the influence of calcination temperature
(ranging from 800°C to 1100°C) on the transesterification process. It was found that calcin-
ing oyster shells at 800 °C significantly enhances catalyst performance. TG/DTA research
by Lin et al. [33] indicated that full conversion of CaCOj; to CaO can be achieved by cal-
cination at temperatures between 800 °C and 1000 °C. All calculations in our study were
performed between 800 °C and 1100 °C for four hours. As a result, the sample’s weight
remained constant at 53.31 wt.% at 800 °C, consistent with the expected weight change
(44 wt.%) during the CaCOj; to CaO conversion [34].

The fundamental properties of the CaO catalyst in both mussel shells and calcined
mussel shells were evaluated through FTIR spectra conducted at temperatures of 800, 900,
1000, and 1100 °C. CaCOj; displays well-defined infrared bands at 705, 858, 1099, and
1457 cm !, corresponding to C-O’s bending and stretching modes [35]. These bands show
variations in intensity and characteristics during the calcination process at temperatures
ranging from 800 to 1100 °C, attributed to the thermal breakdown of CaCOj3 and the
formation of Ca(OH), and CaO. An additional distinctive band at 3639 cm ™! arises from
creating basic OH groups associated with Ca atoms [32]. Previous research studies [36]
have reported similar findings, reinforcing the results of the DSC/TGA, XRD, and XRF
tests.

X-ray fluorescence (XRF) results confirmed that the mussel shell catalysts contained
over 98.60% CaO, consistent with DSC/TGA and FTIR data findings. The high calcium
content indicates that the waste material was primarily composed of CaCOs, successfully
transformed into CaO through calcination [37,38].

In this study, waste mussel shells underwent X-ray diffraction (XRD) examination to
determine their chemical composition before and after calcination. Initially, the mussel
shells had a CaCO3 concentration ranging from 95% to 99%. After calcination, the shells
appeared entirely white, indicating a complete conversion of CaCOj; to CaO [37]. These
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results align with the CaO signals observed in previous research [33,39]. It can be inferred
that samples calcined at 800, 900, 1000, and 1100 °C for 4 h predominantly contained CaO,
with no detectable CaCO3 remaining, consistent with TGA and XRF analyses indicating a
high CaO content.

The SEM images of CaO derived from mussel shells reveal surface morphology
and area variations among different catalysts. When calcined at 900 °C, the particles
exhibited rough surfaces with significant porosity due to the thermal modification of
organic components within the mussel shell catalysts [37]. This phenomenon is in line with
research trends exemplified in [38], which contribute valuable insights into the nuanced
relationship between surface characteristics and overall catalyst efficiency since the diversity
of catalysts and reaction systems discussed in these references broadens the context of
our findings, reinforcing the significance of surface modifications in enhancing catalytic
properties.

Regarding the impact of reaction time on biodiesel conversion, the data indicates that
extending the transesterification time from 3 to 4 h increased the conversion percentage
(from 40.90% to 46.54%). However, at 5 h, there was a decrease in yield (44.79%), possibly
because the liquid product that had been deoxygenated broke down into lighter portions.
Similarly, selectivity increased with a reaction time of 6 h (yielding 62.51%). This sug-
gests that an extended reaction duration is required to improve the effectiveness of the
interaction between the reactant’s molecules and the catalyst’s surface, promoting a more
extensive reaction [40]. This is in line with the results of Nurdin et al. [41] and Mohammed
et al. [42], which indicated that Jatropha oil achieved the highest conversion rate in 6 h. It
is worth noting that Kamel et al. [43] also observed the effects of reaction duration on the
transesterification process using J. curcas oil.

Temperature is another crucial factor that must be controlled to enhance biodiesel
production. It has been observed that as the temperature increases, the reaction rate
decreases, leading to lower yields, especially beyond 120°C. The highest methyl ester yield,
77.78%, was achieved at 90°C, but this yield decreased to 71.03%, 62.51%, and 50.53%
at 100 °C, 110 °C, and 120 °C, respectively. This decrease is primarily due to higher
temperatures causing methanol to evaporate, resulting in reduced yields [44]. Additionally,
when the reaction temperature surpasses the optimal range, biodiesel yields drop due
to triglycerides undergoing saponification [45-47]. The highest methyl ester production
reached 86% under operational conditions after 6 h, highlighting the substantial impact
of temperature on oil transesterification [48]. The initial increase in conversion from 3 to
6 h signifies the importance of extended transesterification time for biodiesel yield. This
can be attributed to the completion of the transesterification reaction, allowing for a more
thorough conversion of triglycerides to (FAMEs). However, the slight dip in conversion at
5 h may indicate a transitional phase where certain reactants are in the process of depletion
or by-products start to influence the overall conversion rate. The subsequent rise to the
highest conversion at 6 h suggests a continued positive effect of prolonged reaction time,
allowing for further reaction completion and FAME formation.

One important aspect affecting the generation of biodiesel is the molar ratio of
methanol to oil. The stoichiometric molar ratio for methanol to oil in transesterification is
3:1 [30,49]. A higher molar ratio is preferred to expedite the reaction and increase prod-
uct generation [50,51]. The biodiesel output rose with an increase in the methanol-to-oil
molar ratio, peaking at 99.36% at 18:1. However, as the ratio was further elevated to 21:1,
the proportion of biodiesel output began to decline. A larger alcohol-to-oil molar ratio
enhances glycerol solubility in biodiesel, with free glycerol forming droplets or dissolving
in biodiesel. This occurs because alcohols can serve as co-solvents, enhancing the solubility
of glycerol in biodiesel [52]. Several other studies also support the optimal molar ratio of
18:1 for achieving the highest biodiesel yield [53]. Concerning the methanol-to-oil molar
ratio, the initial increase in yield up to a 1:18 molar ratio aligns with the conventional
understanding that higher methanol concentrations facilitate faster reaction kinetics and
enhance overall biodiesel production. The peak yield at this ratio could be attributed to
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an optimal balance between reactants, ensuring sufficient methanol for transesterification
without an excess that may lead to undesirable side reactions or hinder the reaction equi-
librium. The subsequent decline in yield at a 1:21 molar ratio may be attributed to an
excess of methanol, leading to diminishing returns as an excessively high concentration
may disrupt the equilibrium of the transesterification reaction or promote unwanted side
reactions, ultimately reducing overall biodiesel yield.

As scientists emphasize, optimizing the calcination temperature in catalyst production
is crucial for achieving effective catalytic performance. The calcination process influences
the structural and catalytic characteristics of catalysts, leading researchers to explore various
calcination temperatures [54]. The XRD analysis confirmed that the high CaO concentration
in the samples resulted in high yields across all tests. The maximum conversion rate of
98.52% was observed at 900 °C, aligning with SEM data showing a rougher, more fractured
surface that increases the reaction’s surface area. Due to less surface cracking, the yields
for samples calcined at 1000 °C and 1100 °C were 92.93% and 87.73%, respectively. The
temperature of 900 °C for the mussel shell catalyst, as per the existing literature [55], was
selected as the optimal choice.

The catalyst’s concentration plays a pivotal role in improving the yield of methyl ester
synthesis [29]. The highest yield of 92.78% was achieved at a catalyst loading of 6 wt.%,
indicating increased active catalytic sites with a higher quantity [48,56]. However, as the
catalyst quantity was increased to 9-12%, the conversion efficiency dropped to 65.89% and
64.88%. This decrease can be attributed to excessive surface-active sites on the catalyst for
reactant adsorption, leading to no improvement [40]. Several studies have reported that
increasing the catalyst amount adversely affects yield [46,57].

4. Materials and Methods
4.1. Seed Material

We obtained local Jatropha curcas seeds from Ahmad Qashash farm in Al-Baha, KSA,
and procured mussel shells from a local community market in Jeddah, KSA. We used
high-purity methanol (99.9%) for the experiments. The J. curcas seeds were carefully sorted,
with damaged seeds discarded. The selected, undamaged seeds were cleaned, de-shelled,
and dried at 100-105 °C for 35 min.

4.2. Oil Extraction

We extracted oil from the seeds using a mechanical press technique [43,58]. Following
extraction, the obtained oil was filtered, resulting in an approximate oil yield of 50% (as
shown in Figure S1).

4.3. Catalyst Preparation

Mussel shells were collected from a local community market in Jeddah, KSA. The
mussel shell waste underwent thorough cleaning with warm water, followed by drying at
100 °C in an oven for 4 h. Subsequently, the dried shell waste was crushed and sieved to
achieve a particle size of 250 um using a laboratory sieve shaker [56].

4.4. Catalyst Calcination

The cleaned and crushed mussel shell particles were divided into four groups and
then calcined in a muffle furnace for 4 h at temperatures 800, 900, 1000, and 1100 °C. This
calcination process transformed the mussel shells from CaCOj3 to CaO, resulting in a white
powder that was stored in a silica gel desiccator [56].

4.5. Transesterification

J. curcas oil was converted into biodiesel in 3-neck flasks (250 mL) utilizing CaO ob-
tained from mussel shells as a heterogeneous catalyst. This reaction occurred in a paraffin
oil bath with magnetic stirring and a water-cooled condenser. Various conditions were
explored, including catalyst loadings (3, 6, 9, 12 wt.%), catalyst calcination temperatures
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(800, 900, 1000, 1100 °C), conversion time intervals (3, 4, 5, 6 h), transesterification tempera-
tures (90, 100, 110, 120 °C), and oil/methanol ratios (12:1, 15:1, 18:1, 21:1). After each test,
the solid catalyst was separated through centrifugation for 20 min at 4000 rpm, allowing
for the isolation of methyl ester, glycerol, and the catalyst. Excess methanol was evaporated
under a vacuum, and the filtrate liquid was collected in a glass-separating funnel [47,59-63].

Notably, to minimize methanol evaporation, a water-cooled condenser was used to
control the vaporization of methanol and ensure a closed system. Additionally, efficient
stirring techniques were employed to reduce the likelihood of methanol escaping further.
Moreover, we preferred not to use transesterification temperatures exceeding 120 °C since
beyond 120 °C, we anticipated potential complications such as increased energy consump-
tion and undesired side reactions, which could affect the overall efficiency of the process.
By limiting the temperature range, we aimed to balance maximizing biodiesel production
and avoiding potential drawbacks associated with higher temperatures.

4.6. Catalyst Characterization

The resulting catalyst’s physicochemical properties were assessed through several
techniques:

e DSC/TGA Analysis: Thermal stability was assessed using differential scanning
calorimetry thermogravimetric analysis in a compressed air flow, ramping from 35 to
1100 °C at 10 °C per minute.

e  FTIR Analysis: Fourier-transform infrared spectroscopy with attenuated total reflec-
tion (ATR-FTIR) was employed to investigate surface structure properties and identify
functional groups. This analysis covered a wave number range of 4004000 cm™ at a
resolution of 4 cm™!. The related data were recorded using Spectrum 10TM software
(version 142) with a LiTaO3 detector (New York, NY, USA), which was included with
the device.

e  XRF Analysis: The elemental compositions of both mussel shells and the resulting
catalysts were determined using an X-ray fluorescence spectrophotometer (Horiba
7000 model, Montpellier, France).

e XRD Analysis: X-ray diffraction (XRD) was employed to determine the materials’
crystalline phases. Using a Shimadzu Model XRD 6000 (Kyoto, Tapan), diffraction
patterns were detected with 1.5406 of Cu-K generated at 40 kV and 40 mA tube
voltage, radiating in a range of 20°-80°. The crystallographic phases of catalysts were
determined using the Powder Diffraction File (PDF) database maintained by the Joint
Committee on Powder Diffraction Standards (JCPDS).

e  SEM Analysis: Scanning electron microscopy (SEM), facilitated by an SEM TM3030
instrument from Hitachi, Tokyo, Japan, was employed to examine the surface mor-
phology of the CaO catalyst within the mussel shell.

4.7. Statistical Analysis

The statistical analysis was conducted using the least significant difference (LSD) test,
and the interpretation of significant differences among the calcined catalyst temperatures
was determined using letters from Duncan’s multiple range test.

5. Conclusions

This study highlights the promising potential of mussel shell-derived CaO as a sustain-
able catalyst for converting J. curcas oil into biodiesel. Our eco-friendly and cost-effective
approach aligns seamlessly with global initiatives for cleaner and economically viable
energy sources. We have delved into the surface properties of the mussel shell-derived
CaO catalyst using advanced characterization techniques such as X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). The catalyst exhibits outstanding performance in transesterification,
yielding an impressive 99.36% FAME, and demonstrates exceptional reusability, surpassing
traditional homogeneous catalysts in five cycles. The resulting biodiesel meets stringent
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global standards, emphasizing its status as a cleaner and economically viable energy source.
This research addresses environmental concerns and offers a compelling and cost-effective
solution, marking a significant advancement toward a greener energy landscape. Repur-
posing waste mussel shells for CaO catalysts aligns with the global pursuit of sustainability
in biodiesel production, contributing substantially to a more responsible and efficient
energy future, bridging the gap between waste management, catalyst development, and
sustainable energy production.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/catal14010059/s1: Figure S1: Composition of methyl ester in biodiesel at
different calcined catalyst temperature by GC-MS.
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Abstract: The environmentally sustainable production of biodiesel is important for providing both a
renewable alternative transportation fuel as well as a fuel for power generation using diesel engines.
This research evaluates the use of inexpensive catalysts derived from waste materials for converting
triglycerides in seed oils into biodiesel composed of fatty acid methyl esters. The performance of CaO
catalysts derived from the shells of oysters, mussels, lobsters, and chicken eggs was investigated. The
shell-derived powders were calcined with and without the addition of zinc nitrate at 700-1000 °C
for 4 h to yield CaO whereas the CaO-ZnO mixed catalyst were prepared by wet impregnation
followed by calcination at 700 °C. The catalysts were characterized by XRF, XRD, TGA, SEM, FTIR
and GC-MS. The CaO-ZnO catalysts showed slightly better conversion efficiency compared to CaO
catalysts for the transesterification of canola oil. The mixed CaO-ZnO catalysts derived mainly from
oyster shells showed the highest catalytic activity with >90% biodiesel yield at a 9:1 methanol-to-oil
mole ratio within 10 min of ultrasonication. The reduction of toxicant emission from the generator is
43% and 60% for SO, 11% and 26% for CO, were observed for the biodiesel blending levels of B20
and B40, respectively.

Keywords: biodiesel production; ultrasonication-assisted synthesis; transesterification catalysts;
shell-derived CaO and CaO/Zn0; calcination of oyster, mussel, lobster, and egg shells; B20 and B40
biodiesel emission profiles; CO and SO, emission; generator emissions of toxicants

1. Introduction

Biodiesel has become one of the major alternative energy sources to replace fossil
fuel, due to its advantages including reduced emissions, low toxicity, and environmental
sustainability. Besides, biodiesel is produced from renewable sources such as oilseeds
from edible and non-edible crops, animal fat, and microorganisms which makes it a viable
fuel from a sustainability viewpoint [1]. The increased interest in biodiesel fuel as an
alternative source of energy is due to its beneficial aspects in the reduction of greenhouse
gases, improvement in energy security, and as a means of generating revenue [2]. The
current global climate change and depletion of natural resources are partly related to the
excessive dependence on fossil fuels to meet energy needs. Scientists have anticipated
that fossil fuels might run out in 2050 due to the enormous demand and utilization of
fossil resources [3]. Petroleum-based fuels are derived from the finite oil reserves in certain
regions of the world. Consequently, those countries with limited oil production and refining
capacity are confronted with a foreign exchange crisis, basically due to the importation
of petroleum products. Therefore, it is imperative to look for alternative fuels that can be
produced from renewable materials [4].
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Biofuels such as bioethanol and biodiesel have been proposed for use in internal com-
bustion engines. Biodiesel could reduce the emission of hydrocarbons and CO by up to 70%
and 50%, respectively, compared to petroleum diesel. Furthermore, biofuels can be blended
with petroleum-based fuels with little or no engine modification [5]. Biodiesel has higher
density and kinematic viscosity values compared to petroleum diesel, which infers that
biodiesel has greater energy density output and better lubricity than petroleum diesel. The
high cetane number is an indication of the diesel ignition quality and completeness of fuel
combustion whereas its high flash point ensures safer storage and handling [6]. Biodiesel is
composed of fatty acid alkyl esters obtained by the transesterification of vegetable oil or an-
imal fat [7]. Biodiesel is a non-petroleum-based fuel, or an alternative fuel produced by the
transesterification reaction between a vegetable oil or animal fat and methanol or ethanol
in the presence of an appropriate catalyst (homogenous, heterogeneous, or enzyme-based
catalyst) [8].

Biodiesel is a promising alternative to fossil fuel and is comprised of mono-alkyl
esters of long-chain fatty acids derived from renewable feedstocks designated B100. A
mono-alkyl ester is the reaction product of straight-chain alcohol like methanol or ethanol,
with triglyceride (fat or oil), which also produces glycerin or glycerol. Biodiesel can be used
as B100 (neat) or in a blend with petroleum diesel. There are different blends of biodiesel
with ultralow sulfur petroleum diesel (ULSPD) ranging from 1% to 50% [9]. A blend of
20% biodiesel with 80% petroleum diesel, by volume, is termed B20 and a blend of 40%
biodiesel with 60% petroleum diesel is referred to as B40 [9].

Transesterification

Transesterification refers to the reaction of triglyceride (oil or fat) with an alcohol in
the presence of a catalyst to form esters and glycerol [10]. Biodiesel produced via transes-
terification have comparable properties with diesel fuel. Transesterification is also called
alcoholysis, because of the reaction of free fatty acid with alcohol. After the transesteri-
fication process, the end products (biodiesel or mixture of alkyl esters and glycerol), are
separated into two immiscible layers with biodiesel on the top and glycerol settling at the
bottom due to their different densities. Methanol and ethanol are common alcohols used in
transesterification. If methanol is used to react with triglyceride, the transesterification pro-
cess is commonly known as methanolysis. During the methanolysis process, heat is applied
to the reaction mixture of oil (80-90%) and methanol (10-20%) and 0.5-1.5% (w/w) catalyst.
The most commonly used catalyst is NaOH or KOH but other types of homogeneous cata-
lysts based on strong acids and enzymes have also been reported. Heterogeneous catalysts
based on Group IIA oxides such as CaO prepared from eggshells have been studied based
on the ease of biodiesel product separation and their reusability [11,12]. Statistical analysis
has been used to determine the optimum reaction conditions for biodiesel production
yield of 93.16% at a temperature of 60.5 °C, methanol to oil ratio of 6.7:1, and catalyst
loading of 0.79% (w/w) [13]. Methanol solubility in oil is limited and hence proper mixing
is vital. Biodiesel produced from this process is fatty acid methyl ester (FAME). Methanol
is preferred for transesterification because it has higher reactivity and is less expensive than
other alcohols. When ethanol is reacted with triglyceride, the transesterification process
is referred to as ethanolysis. Biodiesel produced using the ethanolysis process contains
fatty acid ethyl ester (FAEE). Biodiesel can be used to substitute petroleum-based diesel
in engines with minimal changes to the diesel engine because their characteristics are
nearly similar [10]. Although most biodiesel production facilities use mechanical stirring,
the ultrasonication process has been shown to dissipate energy more efficiently and can
improve the transesterification reaction rate constant by 7-9 times relative to mechanical
stirring [14].

As shown in Figure 1, the transesterification reaction or alcoholysis of triglycerides
from canola, soya bean, and palm oils in the presence of alcohol and catalyst will lead
to the formation of alkyl esters or biodiesel and the glycerol by-product. The first step
involves the conversion of triglycerides to diglycerides; in the second step, diglycerides
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are converted to monoglycerides, and in the final step, monoglycerides are converted to
glycerol. Each of the three sequential steps generates biodiesel esters. This process requires
3 moles of alcohol for 1 mole of triglyceride to produce 1 mole of glycerol and 3 moles of
fatty acid alkyl esters or biodiesel [15]. Most commercial production processes use 6 moles
of methanol for each mole of triglyceride. This excess methanol ensures that the reaction is
favorably driven toward the direction of biodiesel production [16].

CH,-O0C-R, R-COO-R  CH,-OH
Catalyst

CH-OOC-R; + 3ROH ?  R,-COO-R + CH-OH

CH,-00C-R; R3;—COO-R CH,-OH
Triglyceride Alcohol Alkyl esters Glycerol

Figure 1. Transesterification reaction in biodiesel production.

The two main objectives of this study are to evaluate the suitability of four commonly
available shell materials for preparing the CaO catalysts used in biodiesel production and
assess the degree of reduction of toxicant emissions for biodiesel-blended fuels for powering
diesel generators. Most current research publications are aimed at the study of single shell
materials including those of chicken egg [11,12,17], abalone [18], snail [19,20], crab [21],
scallop [22], lobster [23], oyster [24,25], and mussel [26]. Due to the varying experimental
conditions that influence the biodiesel yields, it is difficult to compare the suitability of
shell-derived CaO catalysts unless they are evaluated under the same conditions of catalyst
loading, methanol-to-oil ratio, reaction time, temperature, stirring rate, and reaction mode
(e.g., conventional heating, microwave, or ultrasonication power). This study evaluated the
performance of CaO catalysts prepared from the shells of chicken eggs, mussels, oysters,
and lobster under the reaction conditions of 1.00 wt.% loading of shell-derived CaO or
5% Zn/CaO catalysts, and 9:1 mole ratio of methanol to canola oil. Furthermore, the
environmental benefits of reducing toxicant emissions from power generators using B20
and B40 fuels were compared to the ULSPD diesel fuel. Since power generators are
sometimes used indoors and may not be equipped with pollutant reduction devices such as
catalytic converters used in cars and trucks, it is necessary to compare the emission profiles
of the fuels for the power generators.

2. Materials and Methods
2.1. Materials and Reagents

The seafood waste of shells from mussels, lobsters, oysters and chicken eggs were
obtained from local restaurants. The spectroscopic grade methanol from Burdick and
Jackson (Muskegon, MI, USA) was used for the transesterification reaction with the canola
oil purchased from the local Kroger grocery store. The zinc nitrate hexahydrate from
Thermo Fischer Scientific (Waltham, MA, USA). was used for the preparation of the CaO
catalyst with zinc. Deuterated chloroform for NMR determination of biodiesel yield was
purchased from Cambridge Isotope Laboratories Incorporated (Andover, MA, USA). The
ultra-low sulfur petroleum diesel (ULSPD) used for generator emission testing of B20, B40,
and ULSPD was purchased from a Shell gas station (Murfreesboro, TN, USA).

2.2. Preliminary Preparation of Shells

The waste shells (mussel, oyster, lobster, and eggshell) were first washed with water
to get rid of dirt, other tough impurities, and organic matter on the surface of the shells
were scrapped off and rewashed with deionized water before drying the shells in the oven
at 115 °C for 15 h.
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2.2.1. Preparation of CaO Catalyst via Calcination

The dried shells were pulverized using Corona® Mill grinder purchased from Amazon
(Seattle, WA, USA). The shell powder was calcined in a KSL-1100MX muffle furnace from
MTI Corporation (Richmond, CA, USA) at 800 °C and 1000 °C, respectively, at a heating
rate of 10 °C per minute for 4 h. The CaO catalyst obtained was transferred into an airtight
container kept in the desiccator to prevent the adsorption of atmospheric moisture.

2.2.2. Preparation of CaO-ZnO Mixed Catalyst

The CaO-ZnO mixed catalyst was prepared by a modified wet impregnation method
reported by Kumar and Ali [27]. In this preparation, 10.0 g of CaO obtained from the
calcined mussel, oyster, lobster, and eggshell were separately suspended in 18 m(} high
purity deionized water before adding dissolved zinc nitrate to the suspension. The zinc
nitrate concentration was varied to obtain Zn?* concentration in CaO ranging from 5%
(w/w) to 25% (w/w). The slurry was stirred for 4 h with a magnetic stirrer at room
temperature before being dried in the oven at 120 °C for 24 h. The dried mixture was
calcined at 700 °C for 4 h in the muffle furnace.

2.3. Catalyst Characterization

A Thermo Scientific™ Niton XL3t Ultra X-ray fluorescence analyzer (Billerica, MA,
USA) was used to determine the elemental composition of the uncalcined and calcined
shell samples using the Test All Geo Method with a spectral acquisition time of 4 min.

The Rigaku Miniflex 600 X-ray powder diffractometer (Tokyo, Japan) was used to
analyze the crystalline phases and diffraction pattern of the shell-derived catalysts and
CaO-ZnO mixed catalyst. The Rigaku Miniflex was operated at 40 kV tube voltage and
15 mA tube current using Cu(Ka) radiation at the speed of 1°/min over a 20 range from
10° to 70° with a step size of 0.010°.

The Varian 7000 Fourier transform infrared spectrometer (Varian Inc., Walnut Creek,
CA, USA) was used to confirm the presence of characteristic absorption bands and to
distinguish among the calcium forms of carbonate, oxide, and hydroxide present in the
uncalcined shell, calcined shell (CaO) and CaO-ZnO mixed catalyst. FTIR spectral measure-
ments were obtained in the wavenumber range of 400-4000 cm ! at a resolution of 4 cm ™!
with 32 co-added scans and Happ-Genzel apodization using a HgCdTe detector cooled
with liquid nitrogen. The concentrations of carbon monoxide, formaldehyde, methane,
and ethylene were determined using the Varian FTIR spectrometer with a 10-m pathlength
gas cell.

The Hitachi (Schaumburg, IL, USA) S-3400N scanning electron microscope (SEM)
was used to determine the morphological characteristics and surface structure of the
shell derived catalysts. The elemental composition of samples was analyzed by Oxford
Instruments (High Wycombe, UK) energy-dispersive X-ray detector (EDX). The SEM-EDX
analysis was carried out with and without the use of the gold-palladium sputter coater to
get optimal results with SEM imaging and elemental analysis.

The Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) was
used to characterize the profile of mass loss in uncalcined shell powders as a function of
temperature from 20 °C to 1000 °C. The decomposition patterns of shell samples from
chicken eggs, oysters, mussels, and lobsters were determined.

2.4. Ultrasonication-Assisted Biodiesel Synthesis and Yield Measurement

The catalytic efficiency for the transesterification of canola oil and methanol was car-
ried out using the Hielscher model UP200St ultrasonication equipment (Teltow, Germany).
The ultrasonic processor is equipped with an ultrasonic transducer, sonotrode, generator,
temperature sensor, power supply and other attachments.

The loading of 1% (w/v) catalyst (e.g., mussel-CaO, oyster-CaO, egg-CaO, lobster-CaO,
mussel-CaO-ZnO, oyster-CaO-Zn0O, egg-CaO-Zn0O, lobster-CaO-ZnO) was prepared by
mixing 0.25 g of each catalyst with 9.75 mL of methanol and stirred for about 15 min before
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adding 25 mL canola oil. The mixture was preheated to 60 °C and the ultrasonication was
carried out for 10 min with 9:1 methanol to canola oil mole ratio. The reaction was per-
formed in a 100-mL container with ultrasonication operating conditions of 100% amplitude,
100% pulse, 180 W power, and an operating frequency of 26 kHz. The biodiesel upper layer
was separated from the glycerol bottom layer by centrifugation. The percentage conversion
of triglyceride into FAME was determined using the JEOL 500 MHz 'H-NMR (Peabody,
MA, USA). The biodiesel yields were calculated by comparing the integrated signals of the
methoxy hydrogen and the «-methylene hydrogen as described earlier [28].

2.5. GC-MS Analysis of Diesel Generator Emissions

A Yanmar 4000-watt diesel power generator was used to evaluate the emissions of B20,
B40, and ULSPD fuels by directing the generator exhausts through a 5-foot copper tubing
of 0.25-inch outer diameter for cooling the diesel engine emissions before collecting the gas
samples in 3-L Tedlar bags that were subsequently attached to the Nutech autosampler for
GC-MS analysis.

An Agilent 6890 gas chromatograph interfaced with an Agilent 5973 quadrupole mass
spectrometer (GC-MS) (Agilent Technologies, Santa Clara, CA, USA) were used for the
analysis of emission samples from the generator fueled with biodiesel-blended fuels. A
16-position Nutech autosampler for automated sequential analysis was used to introduce
20.0 mL of gas samples into the Agilent GC-MS via the Nutech 8900DS preconcentrator
(GD Environmental Supplies, Inc., Richardson, TX, USA). The preconcentrator has three
cryogenic traps including the glass bead trap, Tenax TA trap and the cryofocuser for
the selective enrichment of the volatile organic compounds (VOCs) in the samples by
controlling the trap temperatures and desorption time settings to achieve low detection
limits. The detailed preconcentrator and GC-MS conditions were described in a previous
publication [29]. Agilent ChemStation and Markes TargetView V2.0 software were used
to process the GC-MS data via the use of the mass spectral database from the National
Institute of Standards and Technology.

3. Results
3.1. Catalyst Characterization
3.1.1. Thermogravimetric Analysis (TGA)

TGA was used to measure the change in weight of various shell materials as a function
of temperature and hence reveal the decomposition patterns of the shells at the temperature
range of 20 °C to 1000 °C. As shown in Figure 2a,b for the mussel and lobster shell
samples, the shells are composed mainly of calcium carbonate which decomposes into
calcium oxide and carbon dioxide at approximately 800 °C and above. The variation seen
in the thermal curve of the oyster, mussel, lobster, and eggshell is due to the different
structural compositions of the individual shells. These shells may also contain other
forms of carbonates together with CaCOs. Figure 1a shows the decomposition pattern of
the mussel shell with the weight loss occurring in two stages. The weight loss between
100 °C—440 °C is due to the organic impurities breaking down in the mussel shell powder.
About 3.42% sample weight loss is shown at this temperature range. A significant weight
loss was measured at 560 °C-810 °C which is displayed in the derivative weight loss curve
of the shell in blue color (Figure 2a). This weight loss measured is due to the CO; released
from the decomposition of CaCOs.

CaCO;3 (s) — CaO (s) + CO; (g)

The observed weight loss of 41.75% from the mussel shell sample is close to the actual
weight percent of CO; in CaCOj5 at 44%. This indicates that CO, was lost during thermal
decomposition and the mussel sample was converted to CaO at 810 °C. Above 810 °C,
there is no further change in the weight of the mussel shell because the sample has been
completely converted to CaO.
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Figure 2. TGA plots for calcination of (a) mussel shell and (b) lobster shell. Note that the Y-axes
correspond to the weight % and change in weight % per degree Celsius for the regular TGA plot
(green) and first derivative TGA plot (blue), respectively.

The chicken eggshell decomposition pattern also occurred in two stages as shown
in Figure 3. The weight loss seen between 200 °C—480 °C is associated with the different
organic impurities in the eggshell powder. This accounts for about 6.92% of the sample
weight loss. A substantial weight loss of 41.74% can be seen from the thermal curve of the
second stage at a temperature range of 600 °C-825 °C due to the CO, evolved from the
decomposed CaCOs. Unlike the mussel and the eggshell, the oyster shell decomposition
pattern occurred in a single step. A weight loss of 44.05% from the oyster shell is attributed
to the actual weight percent of CO, lost during the thermal decomposition of calcium
carbonate of the shell into calcium oxide. This is an indication that the crystalline structure
of the oyster shell is composed almost exclusively of CaCO3z with no organic constituents
found in either chicken eggshell or lobster shell. The thermal decomposition curve shows a
significant weight loss between the temperature range of 560 °C-785 °C. At a temperature
of 785 °C and above, the oyster shell is completely converted to CaO, and the sample
weight remained constant at this point.

The lobster shell decomposition pattern occurred in three distinct stages. From
Figure 2b shown above, it could be seen that the decomposition of the lobster shell started
very early at a lower temperature range between 20-125 °C due to the loss of water (3.79%)
present in its structure. Unlike oyster shell which is composed mainly of CaCOj3, the lobster
shell contains water, proteins and chitins which account for 38.11% of the weight loss at the
temperature range of 20-625 °C. This was followed by the gradual decomposition of its
CaCO;s after 625 °C to CaO with loss of CO,. Romano et al. 2007 reported similar findings
for TGA of lobster cuticles that chitin degradation occurred between 270 °C to about 600 °C
followed by decarboxylation of CaCOj after 650 °C [30].

The major component of the four types of shells is calcium carbonate which decom-
poses into calcium oxide and carbon dioxide. The weight loss of about 44% in the shell
sample is attributed to the actual weight percent of CO, (in CaCO3), released during the
decomposition process. There is a variation in temperature at which each of these shell
samples attain complete conversion into CaO. A temperature of 800 °C and above is re-
quired for the complete conversion of mussel, egg, and lobster shells into CaO whereas at a
temperature below 800 °C, around 785 °C, the oyster shell is completely converted into
CaO. This is due to the different structural compositions of the shells and the varying levels
of organic impurities present in some of the shell samples.
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Figure 3. Comparative TGA plots for calcination of shell-derived powders from chicken egg (green),
oyster (blue), mussel (red), and lobster (purple).

3.1.2. Characterization of Catalysts by SEM/EDX and XRF Methods

The shell-derived CaO catalysts prepared from four different sources of seafood or
chicken egg wastes were characterized by SEM/EDX and the SEM images are shown in
Figure 4. The comparison of calcined oyster shell and lobster shell are shown in Figure 4a,b,
respectively, at the same magnification of 1000-fold with the micron scale bar shown. The
oyster-derived CaO particles are larger and more crystalline than the particles of lobster
shell which are composed of 7.8% phosphate in addition to 92.2% carbonate as the primary
anions. There is also a direct correlation between calcium and phosphorus levels for lobster
shells from different body parts including cephalon, thorax, abdomen, uropod, legs, and
chela [31]. The EDX elemental data shows that the calcined lobster shell contains 3.2%
magnesium, 0.34% strontium, and 0.28% sodium in comparison to the calcined oyster
shell crystallites which show only 0.2% magnesium. The chicken eggshell sample shows
the smallest particle size. The calcination of the shell samples at 1000 °C changed the
composition and the structure of the shell with a resultant increase in the surface area
and better catalytic activity. After calcination, some particles show the features of holes
(Figure 4c) associated with the loss of CO; or collapse of the mesoporous structure during
the initial transformation of CaCOj3 to CaO. The sintering process at 1000 °C allows the
aggregation of nanoparticles to form faceted crystallites along with the reduction in surface
area and porosity [32].
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Figure 4. SEM images of (a) a calcined sample of oyster shell, (b) a calcined sample of lobster shell,
(c) a calcined sample of mussel shell with 0.29% Zn, and (d) a calcined sample of lobster shell with
0.35% Zn.

The calcined lobster shell powders in Figure 4d show the presence of long fibrils of
chitin with high carbon content interspersed with CaO particles. The EDX data of calcined
shell materials show that the calcium content is the lowest in the lobster samples at 40.4%
by weight compared to 45-50 wt.% for the samples of oyster, mussel, and chicken egg.
This is due to the presence of other elements including phosphorus, magnesium, and
strontium that are either absent or found at lower levels in the other types of shell samples.
Phosphorus and magnesium were measured at 1.08 wt.% and 1.86 wt.%, respectively,
which are consistent with previously reported values of 0.52-2.41 wt.% phosphorus and
0.33-1.46 wt.% magnesium for various parts of the lobster shell [31]. The 1.08 wt.% phos-
phorus as phosphate and the 6.95 wt.% carbon in the form of carbonate and organic carbon
residue of chitin possess minimal catalytic activity compared to CaO. The Ca:C elemental
ratio expressed in atomic or mole percent is also a useful parameter for estimating the
degree of calcination, i.e., the higher Ca:O mole ratio of 4.27 for calcined mussel shell
and 3.09 for calcined oyster shell implies that they have higher conversion efficiency for
forming CaO relative to calcined lobster shell and eggshell. The organic matter in the
lobster exoskeleton, mostly chitin, accounts for the 19.7-38.2 wt.% range [33]

The uncalcined and calcined shell powders were also analyzed by XRF and their
results were shown in Figure 5. The sums of the seven elements plotted for the four types
of shells are given as “SM” values and decreases in the order of mussel (0.86%), lobster
(0.57%), oyster (0.37%), and chicken egg (0.14%). The calcium contents of calcined samples
[Ca]c measured in the range of 69.78% to 71.99% agree with the theoretical value of pure
CaO at 71.43%. However, the uncalcined samples give XRF values of [Ca]y in the range of
31.57% to 48.98% following the trend of oyster > mussel, chicken egg > lobster. Uncalcined
lobster shell shows the lowest [Ca]yc value of 31.57% and hence gives the smallest yield of
CaO for the transesterification reaction.
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Figure 5. Elemental composition of calcined shell samples of (a) mussel (b) oyster (c) chicken egg,
and (d) lobster. The notations of XM, [Ca]., and [Ca]yc stand for sum of metals excluding calcium in
percent, percent of calcined calcium, and percent of uncalcined calcium, respectively.

Potassium (1208 £ 2 ppm) and strontium (1257.6 £ 0.6 ppm) in the form of oxides for
oyster shells are important constituents that can also exhibit strong basicity for producing
biodiesel esters. The values of tin at 2320 £ 0.4 ppm and iron at 3709 + 1.4 ppm are
observed for calcined mussel shell. Besides calcium, potassium (665 + 3.1 ppm) and
strontium (4888 & 0.6 ppm) are the most abundant trace elements for chicken eggshell
and lobster shell, respectively. Among the trace elements measured by XREF, strontium and
potassium are potentially important due to the increase in the basicity of K,O and SrO
relative to CaO that may contribute to enhanced reactivity for biodiesel production. The
concentrations of strontium are 342 ppm, 1258 ppm, 1818 ppm, and 4889 ppm in calcined
shells of chicken egg, oyster, mussel, and lobster, respectively. The values of potassium
concentration for calcined shells are 254 ppm for lobster shells, 665 ppm for both mussel
and chicken eggshells, and 1208 ppm for oyster shells. The substitution of Ca?* by Sr?*
in the crystalline lattice is likely because the cation radius of strontium (Sr?*) is 132 pm
compared to 114 pm for calcium (Ca?") whereas Mg?* and K* have significantly different
ionic radii of 86 pm and 152 pm, respectively. In general, lattice substitution for ions of
the same charge but with a difference in ion radii of less than 15% is highly probable and
the ionic radii difference of 15-30% will be less probable [34]. Additional XRF data for
the elemental composition of uncalcined and calcined shells are given in Table S1 in the
Supplementary Materials.
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3.1.3. FTIR Analysis of CaO and CaO-ZnO Mixed Catalysts Derived from Shell Samples

Figure 6a,b shows the overlaid IR spectrum of the uncalcined and calcined oyster shell,
the fundamental absorption bands of 712 em !, 875 em ™!, and 1450 cm ! are indications
of asymmetric stretch, out-of-plane bend, and in-plane vibration of C-O bonds of CaCOs3,
respectively. There is a noticeable reduction in the intensity of these absorption bands for the
calcined shells due to the calcination at high temperatures resulting in the decomposition
of the CaCOj; into CaO and CO,. The sharp peak at 3640 cm~! is attributed to OH
group stretching in Ca(OH),, which is formed upon the exposure of CaO to atmospheric
moisture [35]. Similar spectral signals were observed for the mussel shell powder with
absorption bands of 716 cm 1, 863 cm !, and 1458 cm ! attributed to the asymmetric
stretching, out-of-plane bending, and in-plane vibration of the O-C-O bond of CaCOj3. The
Ca(OH), peak due to moisture absorption of CaO appears at 3647 cm ..
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Figure 6. Infrared spectra of uncalcined and calcined samples of (a) oyster shell; the absorption bands
of 712 cm™1, 875 ecm 1, 1450 cm ! are related to the C-O bonds of CaCOj5. The peak at 3640 cm~1
is due to the O-H stretching in Ca(OH); and (b) lobster shell; the absorption bands at 712 cm~l,
871 cm~! and 1408 cm ™! are related to the C-O bonds of CaCO3. The peak at 3640 cm ™! is due to the
O-H stretching in Ca(OH),. The intense peak around 1100 cm~! is due to the phosphate group in
hydroxyapatite [36] whereas the peak at 3271 cm™! is due to the chitin OH group [37].

The chicken eggshell has characteristic CO3%~ absorption bands at 710 cm ™!, 872 cm ™1,
and 1410 cm~!. The peak at 3644 cm™~! is associated with OH~ stretching of Ca(OH),
formed from the absorption of moisture by the eggshell-derived CaO. For the lobster shell,
the absorption peak indicative of the asymmetric stretch of the C-O bond of CaCOj3 could
be seen at 746 cm ™!, 872 cm~!, and 1413 cm~!. The sharp peak at 3640 cm ™! is attributed
to the OH-stretching of Ca(OH),, which was formed when CaO absorbs atmospheric
moisture. The broad peak at 3271 cm ! is due to the presence of an OH group of chitin in
the lobster shell. The calcination of the shell lead to a decrease in the absorption bands at
1408 cm 1, 871 ecm~! and 712 cm~?! which are associated with CaCOg. Due to the analytical
sampling depth of the attenuated total reflectance accessory for the FTIR spectrometer at
about 0.5-2.0 microns, the ratio of the 3640 cm ™! to 1450 cm~! peaks gives the estimate of
the size of the particles with a surface layer of CaO and the underlying CaCOj3 substrate.
The heat treatment of shell powders at 5-10 g quantities in the furnace resulted in calcined
catalysts with only partial conversion to CaO compared to the complete conversion of
1-2 mg of shell powders in TGA analysis. In reusing the calcined catalysts after multiple
batches of catalytic cycles, it is important to monitor the 3640 cm ! peak and the biodiesel
yield to determine when the activity of the catalyst needs to be regenerated via calcination.
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3.1.4. X-ray Diffraction Patterns of the Shell-Derived CaO and CaO-ZnO Mixed Catalysts

The diffractograms obtained from the uncalcined shells in general showed the pre-
dominance of CaCOj in shell composition. After calcination at 800 °C and 1000 °C, the
CaCOs; originally present in the shells were converted to CaO which could be seen in the
diffraction patterns of the calcined shells of mussels and oyster in Figure 6a,b. However,
the calcination of lobster shell and chicken eggshell to form CaO is not complete at 800 °C
as seen in Figure 6a. The calcined shells showed diffraction peaks characteristic of pure
CaO at 20 values of 32.0°, 37.7°, 53.7°, 64.0° and 67.2°; these peaks correspond to the cubic
crystal structure associated with the reflections from (111), (200), (220), (311) and (222)
planes, respectively [38,39]. For the calcined shell materials produced at 1000 °C for 4 h,
the following sets of diffraction peaks with a slight variation of 26 values corresponding to

(111), (200), (220), (311) and (222) planes, respectively, were identified as follows:

Lobster CaO: — 32.1°, 37.0°, 53.5°, 63.8° and 67.0°
Eggshell CaO: — 32.3°, 37.5°, 54.0°, 64.5° and 67.5°
Mussel CaO: — 32.8°, 38.0°, 54.5°, 64.8° and 68.1°
Oyster CaO: — 32.8°, 38.0°, 54.5°, 64.8° and 68.1°

These XRD results are similar to those reported by Samantaray et al. [38]. After
calcination at 1000 °C for 4 h, all the shell samples were able to attain a similar degree of
crystallinity to that of pure CaO. The slightly larger 26 values of mussel CaO and oyster
CaO compared to CaO obtained from chicken eggs are likely due to the higher levels of
strontium and iron substitution of calcium in the crystalline structures. In Figure 7a, the
calcination conditions of 800 °C for 4 h yield XRD diffraction patterns obtained for lobster
and eggshell still show the presence of CaCOs3 and other organic constituents besides CaO.
For lobster shell that was subjected to heat treatment at 800 °C, the XRD pattern reveals the
presence of CaO, MgO and hydroxyapatite that are consistent with the results of previous
studies [33,40]. The chitin XRD peaks at 26 values of 9.4, 13.6, 19.7, 21.2, 23.9, 26.8, 28.6, 39.7,
43.0, 78.0 degrees are not observed since chitin would have been degraded after 600/625 °C
based on TGA plots shown in Figure 2b and published results of Romano et al. [30,37].
Purer shell materials without phosphate-based constituents like hydroxyapatite will show
the decomposition of CaCOs into CaO at calcination temperatures of 800 °C [41]. The TGA
analyses of the shell samples confirmed that the lobster and eggshell contain more organic
impurities in their structures thereby requiring a higher calcination temperature above

800 °C, preferably 1000 °C, to attain the crystalline phase of CaO.
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Figure 7. Powder X-ray diffraction patterns of CaO catalysts derived from various shell materials

calcined at (a) 800 °C and (b) 1000 °C.
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Figure 8a compares XRD patterns of CaO-ZnO mixed metal oxide catalysts prepared
with 5 wt.% zinc concentration at 700 °C calcination temperature. The XRD diffraction
patterns of 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-lobster-CaO and 5% Zn-eggshell-
CaO show the exclusive presence of CaO in cubic crystalline phase in all the calcined
materials except the 5% Zn-lobster-CaO material that shows tiny XRD peaks belonging
to hydroxyapatite in addition to the Zn. When the Zn levels were studied at 5%, 7%,
10%, and 25% wt.% in the calcined oyster samples, the distinct peaks corresponding to
the ZnO phase were only observed when calcined samples with Zn?* concentrations of
10 wt.%, 25 wt.%, and the reference ZnO samples were prepared from Zn nitrate at 700 °C
as shown in Figure 8b. Nevertheless, a further increase in the Zn?* concentration (>7 wt.%)
in the shell-derived CaO leads to formation of ZnO in the hexagonal phase which is seen
in the low-intensity peaks at 20 (10% Zn-oyster-CaO) = 34.45°, 56.62°, and 62.89° and
20 (25% Zn-oyster-CaO) = 34.0°, 56.18°, and 62.18°. This result is similar to the work
reported by Kumar and Ali [27]. The diffraction peak obtained for Zn nitrate calcined at
the same temperature of 700 °C for 4 h matches some of the characteristic peaks of ZnO
at 20 (Calcined Zn(NO3), at 700 °C) = 34.04°, 47.22°, 56.37° and 62.7°. The increase of
Zn** concentration from 5 wt.% to above 7 wt.% (i.e., 10 wt.% and 25 wt.%) leads to the
formation of two distinct phases of CaO-ZnO. The American Mineralogist Crystallography
Database information for the XRD patterns of oxides in the calcined materials is provided
in the Table S2 of the Supplementary Materials.
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Figure 8. (a) XRD patterns of 5% Zn-Oyster-CaO, 5% Zn-Mussel-CaO, 5% Zn-Eggshell-CaO and 5%
Zn-Lobster-CaO calcined at 700 °C for 4 h. (b) XRD patterns of 5% Zn-Oyster-CaO, 7% Zn-Oyster-
CaO, 10% Zn-Oyster-CaO, 25% Zn-Oyster-CaO, and Zn(NOj3); calcined at 700 °C for 4 h (*: CaO
phase; o: ZnO phase).

3.2. Comparison of Biodiesel Yields Using Different Calcined Catalysts

The experimental biodiesel yields for various catalysts are summarized in Table 1. The
calculation of yields is based on the NMR measurements of the ratios of the a-methylene
protons to methoxy protons in reaction products as explained in a prior study [28]. The
catalytic activity of the individual shell-derived CaO including oyster CaO, mussel CaO,
lobster CaO and eggshell CaO have been investigated and compared to the activities of Zn-
spiked CaO mixed metal oxide catalysts of 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-
lobster-CaO, 5% Zn-eggshell-CaO. The ultrasonication-assisted transesterification reaction
conditions are 1 wt.% catalyst loading, 9:1 methanol to oil mole ratio, reaction temperature
of 60 °C and ultrasonication time of 10 min. The percentage conversion of triglycerides in
the canola oil into biodiesel by CaO catalysts derived from the shells of oysters, mussels,
chicken eggs, and lobsters were 92.9%, 89.0%, 90.3% and 50.6%, respectively. The oyster-
derived CaO catalyst showed the best biodiesel yield due to the highest level of calcium
content in the chemical composition of both uncalcined and calcined materials as revealed
by XRF analysis, crystallite size and morphology that provide a large surface area for
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transesterification, and concentrations of trace transition metals in the crystalline structure
to augment the catalyst activity of the shell-derived CaO. There is not much loss of yield
when using waste-shell-based CaO in comparison to pure CaO [42].

The spiking of the shell-derived CaO with Zn?* (i.e., 5 wt.% Zn?* concentration in
Ca0), resulted in increased biodiesel yields of fatty acid methyl esters (FAME) for all the
shell-based catalysts used in this study. As shown in Table 1, the CaO-ZnO mixed metal
oxide catalysts showed higher biodiesel yields than the CaO counterparts under the same
reaction conditions. The 5% Zn-oyster-CaO, 5% Zn-mussel-CaO, 5% Zn-eggshell-CaO, and
5% Zn-lobster-CaO recorded biodiesel percentage yields of 93.9%, 92.8%, 92.5% and 59.5%,
respectively. The highest observed FAME yield for oyster-CaO-ZnO (with 5% of Zn?*
concentration) can be related to its basic properties, as biodiesel yield increases with the
increasing number of basic sites [27,43]. Kumar and Ali reported that the catalytic activity
of the ZnO-CaO catalyst toward the transesterification reaction of biodiesel production was
found to be a function of their basic strength and in the case of Zn/CaO weight ratio, the
maximum basic strength was observed for CaO-ZnO at 1.5-7% Zn** concentration [27].
The EDX measurements of zinc showed that the actual Zn levels in the Zn/CaO mixed
catalyst were only 1.78-3.41 wt.% instead of the targeted 5 wt.% Zn-spiked CaO catalyst.
Further increase in Zn?* levels in the CaO-ZnO mixed metal oxide catalyst beyond 1.5%
resulted in a decrease in biodiesel yield as can be seen in the comparative study of Zn**
concentrations in 5% Zn-oyster-CaO, 7% Zn-oyster-CaO, and 10% Zn-oyster-CaO mixed
catalyst, which produced biodiesel yields of 93.9%, 67.2%, and 62.3%, respectively.

It is inconclusive from the results of Table 1 that the biodiesel yields in this study are
improved by the preparation of mixed oxide catalysts that contain ZnO. Although there
are slight increases of 1.0% for oyster-based catalysts and 2.3% for catalysts prepared from
chicken eggshells, they are smaller than the pooled standard deviation of 2.35%. In the case
of mussel-based catalysts, there is a decrease in the biodiesel yield of 3.8%. For comparison
in the case of lobster, there is a statistically significant increase in its yield of 9.9% when a
mixed oxide catalyst containing ZnO was used. In a study conducted using CaO prepared
from snail shells, the waste palm cooking oil showed a biodiesel yield of 80% for CaO
and 90% for CaO modified with ZnO [20]. A remarkable aspect of the present study is the
reaction time of 10 min for ultrasonication-assisted reaction compared to 45-360 min for
the cited studies describing biodiesel synthesis using a hotplate.

Table 1. Comparison of biodiesel yields for different CaO catalysts and reaction conditions. The
current study is based on the use of 1.00 wt.% shell-derived CaO or 5% Zn/CaO catalysts, and 9:1
mole ratio of methanol to canola oil.

Catalyst (Weight %) Method Time (min) Yield (%)
Oyster CaO (1%) Present ultrasonication study 10 92.9
Mussel CaO (1%) Present ultrasonication study 10 89.0

Eggshell CaO (1%) Present ultrasonication study 10 90.3
Lobster CaO (1%) Present ultrasonication study 10 50.6
5%Zn-Mussel-CaO (1%) Present ultrasonication study 10 92.8
5%Zn-Eggshell-CaO (1%) Present ultrasonication study 10 92.5
5%Zn-Lobster-CaO (1%) Present ultrasonication study 10 59.5
5%Zn-Oyster-CaO (1%) Present ultrasonication study 10 93.9
7%Zn-Oyster-CaO (1%) Present ultrasonication study 10 67.2
10%Zn-Oyster-CaO (1%) Present ultrasonication study 10 62.3

Hotplate with stirring, 25:1

a0 (3%) CH3OH-jatropha oil, [44]

180 91
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Table 1. Cont.
Catalyst (Weight %) Method Time (min) Yield (%)
o Hotplate with stirring, 25:1
Ca0-Zn0O (3%) CHj3OH-jatropha oil, [44] 180 o4
CaZny(OH)g.2H,0 (2%) Hotplate with stirring, 10:1 120 9

CH;3;OH-sunflower oil, [45]

Hotplate with stirring, 9:1
1.5-Zn/Ca0-550 (5%) CH3OH-cottonseed oil, 1.5 wt.% 45 >99
Zn-CaO calcined at 550 °C [27]

Hotplate with stirring, 40:1

Ca0-Zn0 (10%) CH3OH-soybean oil, [46] 360 73
Eggshell CaO (6.04%) CH;S?S%E?;?S;?;ZJNQ 3(:1 2] 39.8 98.6
Crab shell CaO (3%) CH3oii?izﬁgesslir;iggtrs;%1°C [21] 60 88.2
Snail shell CaO (3%) Heating mantle, 65 °C; 6:1 180 80

CH3OH-waste palm cooking oil [20]

3.3. Emissions of Biodiesel Fuel Blends in Diesel Generators

Diesel generators are commonly used in countries where electric power grid infrastruc-
tures are very minimal or sparse in rural areas or even cities due to budgetary constraints.
Diesel generators are easy to install and are frequently used in developing countries in
agricultural, residential, and industrial sectors. In Nigeria, the public electricity grid only
meets at most 30% of consumer power usage, and most homes have access to public elec-
tricity supply for only 6 h daily [47]. The shortfalls in electricity supply account for the
installation of 15 million diesel-powered generators in over 90% of businesses and 30%
of homes in Nigeria. Due to concerns about the toxicity of carbon monoxide released,
inhalable exhaust particulate matter, carcinogens including formaldehyde, 1,3-butadiene,
and benzene, and the potential fire risks of diesel fuel, it is important to evaluate the safety
of biodiesel fuel blends for use in diesel generators. The California Air Resources Board
has developed screening risk assessment tables for diesel engine owners to estimate their
overall exposure risk from diesel engine exhaust particulate matter [48]. Since diesel gener-
ators are frequently used indoors among businesses and homes, toxicant concentrations
will be increased due to the lack of ventilation.

3.3.1. FTIR Analysis of Emissions from Diesel Power Generators

FTIR spectroscopy was used to analyze the small molecular weight compounds in
the emissions from diesel power generators. Figure 9 shows the concentrations of carbon
monoxide (CO), ethylene (C;Hy), methane (CHy), formaldehyde (H,CO), and sulfur diox-
ide (SO;) as the oxygen content of the fuel blends is increased by the fatty acid methyl
esters in 20% (B20) and 40% (B40) biodiesel blended with ultralow sulfur petroleum diesel
(ULSPD). The 100% ULSPD has significantly higher levels of CO, C,Hy, CHy, H,CO, and
SO, relative to the B20 and B40. The emission of highly toxic CO was reduced from 258 ppm
in ULSPD emission to 229 ppm and 192 ppm in B20 and B40 emissions, respectively, in the
infrared spectral region of 2134-2138 cm~!. The corresponding relative standard deviation
is 16.9%, 11.5%, and 3.5% for the CO levels in ULSPD, B20, and B40. The FTIR signals for
formaldehyde are in the spectral region of 2683-2949 cm 1. The formaldehyde concentra-
tions of B20 and B40 were reduced by 58% and 59%, respectively, relative to ULSPD. At
above 50 ppm, formaldehyde can cause severe pulmonary reactions including pulmonary
edema, pneumonia, and bronchial irritation which can result in death. Methane, which
is much less toxic than CO and formaldehyde, was measured in the spectral region of
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2874-3188 cm L. The methane concentrations of B20 and B40 were reduced by 39% and
54%, relative to the ULSPD emission.

Concentrations in PPM and Percent Reduction Relative to ULSPD
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Figure 9. Generator emissions of air pollutants measured by infrared spectroscopy in parts per
million units and their percent reduction in B20 and B40 biodiesel fuels relative to ultralow sulfur
petroleum diesel (ULSPD).

Due to the adverse human health effects associated with inhalation exposure to diesel
emissions, CO is regulated by both the United States Environmental Protection Agency
(USEPA) and the Occupational Safety and Health Administration (OSHA). The National
Ambient Air Quality Standards of USEPA for CO is 9 ppm for a 24-h period and 35 ppm
standard for a 1-h period. The OSHA permissible exposure limit (PEL) for CO is 50 ppm
for worker exposure during an 8-h period. Without proper ventilation, CO emissions
can exceed both the USEPA and OSHA standards for protecting human health. Ethylene
and methane play key roles in forming larger VOCs including aromatics such as benzene,
toluene, ethylbenzene, and xylene isomers. Sulfur dioxide has many adverse human health
effects and could contribute to acid rain. As seen in Figure 9, B40 can clearly provide a
greater reduction in the emission of toxicants compared to B20 except for formaldehyde,
which shows similar reduction efficiency for B20 and B40 when compared to USLPD. The
emission test results supported previous studies showing the reduction of VOCs but there
are other studies that reported an increase in hydrocarbon emissions for biodiesel-blended
fuels compared to petroleum-based diesel [49].

3.3.2. GC-MS Analysis of VOCs

GC-MS results indicate that there are about 180-200 VOCs detected in the generator
emissions. About half of these compounds were detected with a high degree of confidence
based on their match indices of greater than 800 out of 1000. There were about 27 target
compounds specified in USEPA’s Compendium of Air Toxics TO-15 Method that were
detected and quantified. Out of the 27 compounds, 11 were quantified with a high degree
of confidence for the comparison of generator emissions from ULSPD, B20, and B40. The
percent reduction (PR%) values of diesel generator fuel emissions from B20 and B40 relative
to ULSPD for these 11 compounds are given in Table S3 in Supplementary Materials.
Five of these including benzene, 2-butanone, propene, ethyl benzene and propyl benzene
were plotted in Figure 10a,b show a significant reduction of their generator emission
concentrations due to the blending of ULSPD with biodiesel. All 11 compounds show lower
emissions compared to the ULSPD. Except for two compounds, propene and isopropyl
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alcohol, B40 has higher reduction efficiencies relative to ULSLPD when compared to the
B20 emissions.

Generator Emissions for ULSPD, B20, and B40 Generator Emissions for ULSPD, B20, and B40
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Figure 10. Comparison of GC-MS data for generator emissions from ULSPD, B20, and B40 fuel blends
with (a) concentration plots of propene, benzene, and 2-butanone in the range of 0-140 parts per
billion (b) concentration plots of ethylbenzene and n-propylbenzene in in the range of 0-2.0 parts per
billion, and (c) chromatograms showing significant reduction of volatile organic compounds for B20
and B40 fuel emissions relative to the ULSPD; the X-axis represents the GC retention time window of
4-28 min and the Y-axis denotes the MS ion abundance from 0 to 4 x 107 counts per second with the
three plots offset on the common scale.

Three compounds, namely benzene, 1,3-butadiene, and formaldehyde, are classified
as Group 1 human carcinogens by the International Agency for Research on Cancer (IARC).
At low levels, benzene can cause dizziness, headache, and respiratory tract irritation.
However, long-term exposure to higher levels of benzene may cause anemia, alterations to
the immune system, and leukemia. OSHA has regulatory standards for PELs and STELs
for these three carcinogens and USEPA has detailed information on their toxicological
properties in the Integrated Risk Information System (IRIS) database [50]. The Inhalation
Unit Risk values of cancer incidence for benzene, 1,3-butadiene, and formaldehyde are
2.2 x 107 per ug/m?, 3 x 107> per pg/m?, and 1.3 x 107> per ug/m?, respectively. At
the concentrations indicated in Figure 10c and the conversion factor of 1 pg/m?3 being
equal to 0.313 ppbv, 0.452 ppbv, and 0.814 ppbv for the three carcinogens at the standard
conditions of 1 atm and 25 °C, respectively, the cancer risks are deemed to be significant
for inhalation exposure to diesel generator emissions, especially those from ULSPD. The
GC-MS chromatogram in Figure 10c shows an overall decrease in the levels of almost
200 VOCs as the oxygen content of fuel blends increases in the order of ULSPD < B20 < B40,
thereby lowering inhalation exposure.

4. Discussion

The results presented in this study are promising for CaO-based heterogeneous cat-
alysts to replace homogeneous catalysts such as NaOH or KOH that are currently used
in most commercial biodiesel production facilities. CaO-based catalysts can reduce the
need for washing the biodiesel product to remove the residual NaOH that is corrosive
to diesel engines. The lower volume of wastewater generation from biodiesel washing
is particularly desirable in countries where the use of water for fuel production instead
of human consumption is not viewed favorably. This study shows data from multiple
instrumentation techniques that the production of CaO catalysts is easy, inexpensive, and
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does not generate toxicants harmful to human health. The TGA, FTIR, XRD, and XRF
results show that after the calcination of shell materials at 1000 °C for 4 h, all the shell
samples containing calcite or CaCOj3 are converted to almost pure CaO powders that give
biodiesel yields of greater than 90%.

Although the TGA data show complete conversion of predominantly CaCOj3 into CaO,
the FTIR and EDX data show residual CaCOj5 signals which could be interpreted as calcined
particles having an outer layer of CaO and an inner core of CaCOj3. Since the sample
penetration or signal excitation depths are 1.0-1.5 microns for FTIR and 2.0-2.5 microns
for SEM-EDX whereas the CaO crystallites have larger dimensions as revealed by the SEM
images, it can be inferred that the particle size distribution and the loading weight in the
furnace of uncalcined shell powders in the furnace may influence the degree of calcination
or completion CaO formation, and consequently the biodiesel yield and/or the catalyst
loading necessary to achieve a high yield. The published studies on the use of CaO catalysts
generally do not address their particle size distribution or their correlation with biodiesel
yields as well as the durability or reusability of the catalysts. The durability of the CaO
catalysts is affected by the dissolution of the surface layer containing Ca(OH), as well as
the loss of catalyst active sites through the adsorption or accumulation of oil or biodiesel
by-products.

The evaluation of mixed catalysts containing CaO/ZnO seems to suggest that there
is no appreciable improvement in biodiesel yields for shell-derived catalysts compared to
CaO catalysis except for the case of lobster. It is noteworthy that the SEM-EDX analysis
shows the presence of zinc in all the Zn-spiked CaO catalyst samples, but the XRD data
only show the presence of distinct ZnO phases at the 10% Zn and 25% Zn mixed oxide
samples but not for the 5% Zn and 7% Zn mixed oxide samples. These observations imply
that the zinc ion substitution of calcium ions occurred up to a certain point before the
distinctive ZnO phases started to form. To confirm this, a future study should rely on
the use of elemental mapping by EDX to fully characterize the presence of CaO or ZnO
particles and their size distribution.

5. Conclusions

This study demonstrates the feasibility of preparing inexpensive and yet effective
heterogeneous CaO catalysts derived from the waste shells of oysters, mussels, lobsters,
and chicken eggs. Furthermore, very high biodiesel yields of 90-94% are achieved in 10 min
by the ultrasonication-assisted transesterification of canola oil using the CaO catalysts.
The incorporation of Zn?* at varying concentrations into the shell-derived CaO structure
gives a more efficient CaO-ZnO mixed metal oxide catalyst prepared by the wet impregna-
tion method. The use of CaO-based solid heterogenous catalysts in biodiesel production
minimizes wastewater generation for removing residual catalysts in the biodiesel and
high energy consumption associated with acid or base homogenous catalysts. The use of
shell-based CaO catalysts can also reduce the level of the corrosive base in the biodiesel
compared to the commonly used NaOH or KOH catalysts. The use of biodiesel in diesel
power generation potentially reduces human exposure to toxicants including CO, SO,
benzene, and formaldehyde.

Since the shell materials from food waste and furnaces for calcination of shells to yield
CaO catalyst are easily available in most countries, the small-scale production of biodiesel
is viable in rural areas or developing countries where there is minimal refining capacity to
produce diesel fuel for use in vehicles, farm equipment, and power generation. Together
with the initiatives to collect used cooking oil and cultivate indigenous crops producing
non-edible oils as biodiesel feedstocks, there could be strong incentives to implement a
circular economy of producing biodiesel using waste materials and non-edible crops like
Jatropha curcas that grow well naturally in many locations.



Energies 2023, 16, 5408 18 of 20

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en16145408/s1, Table S1: XRF elemental data for uncalcined and
calcined shell samples; Table S2: The American Mineralogist Crystallography Database information
for the XRD patterns of oxides in the calcined materials; Table S3: The percent reduction (PR%) values
of diesel generator fuel emissions from B20 and B40 relative to ULSPD.
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Abstract: The dwindling of global petroleum deposits and worsening environmental issues have
triggered researchers to find an alternative energy such as biodiesel. Biodiesel can be produced via
transesterification of vegetable oil or animal fat with alcohol in the presence of a catalyst. A hetero-
geneous catalyst at an economical price has been studied widely for biodiesel production. It was
noted that various types of natural waste shell are a potential calcium resource for generation of
bio-based CaO, with comparable chemical characteristics, that greatly enhance the transesterification
activity. However, CaO catalyzed transesterification is limited in its stability and studies have shown
deterioration of catalytic reactivity when the catalyst is reused for several cycles. For this reason,
different approaches are reviewed in the present study, which focuses on modification of waste-shell
derived CaO based catalyst with the aim of better transesterification reactivity and high reusability
of the catalyst for biodiesel production. The catalyst stability and leaching profile of the modified
waste shell derived CaO is discussed. In addition, a critical discussion of the structure, composition
of the waste shell, mechanism of CaO catalyzed reaction, recent progress in biodiesel reactor systems
and challenges in the industrial sector are also included in this review.

Keywords: biodiesel; transesterification; waste-shell; heterogenous catalyst; green catalyst; alterna-
tive fuel

1. Introduction

The drastic depletion of fossil fuels and continuous anthropogenic greenhouse gas
emissions have prompted the search for alternative renewable and sustainable fuels with
efficiency similar to the conventional fuels being used today [1,2]. In this regard, renewable
and sustainable biofuels had been seen as an alternative in order to reduce fossil fuel
usage [3,4]. Biofuels are generally referred to as liquid or gaseous fuels that are produced
from renewable sources [5], which are typically generated from biological material or
living organisms, such as plants, animal by-products, or microorganisms [6]. In the past
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10 years, the biofuel industry has experienced an enormous growth, and the main regions
contributing to this development are Europe, Brazil and the United States [7]. Currently,
the main application of biofuels is as a liquid transportation fuel [8]. In general, biofuels can
be divided into four generations, which depend on the raw materials used. First-generation
biofuels are mostly derived from subsistence crops. Second-generation biofuels come from
non-food biomass or lignocellulosic crops [9]. This is sustainable, cost-effective, and highly
available, which will be advantageous for the biorefinery industry. Noteworthy, the use
of lignocellulosic crops lead to a zero net carbon dioxide emission and environmental
friendliness [10]. The third generation of biofuels come from algae-sources [11,12]. The best
means of utilizing raw materials for second and third generation biofuel production is
to avoid the issue of food competition. Besides, there are many advantages in producing
biofuels from algae, where the triglyceride-based oil extracted from microalgae is 15 to
300 times higher than that of conventional crops in terms of area [13,14]. Production
of biofuels from genetically modified algae is considered as the fourth-generation of
biofuels [15]. The growing interest in fourth-generation biofuel usage strives to lower
environmental impact, especially on land usage for crop plantation [16].

Typically, the liquid-based biofuels that widely apply to transportation purposes
are biodiesel and bioethanol [17,18]. Bioethanol is produced through starch or sugar
fermentation, while biodiesel is obtained via the transesterification reaction of oil crops [9].
Biodiesel is used to replace diesel, while bioethanol is used to substitute for petrol [19]. It is
noteworthy that the majority of biofuel usage is from biodiesel (76%) (Figure 1a), followed
by bioethanol (~20%). Malaysia is one of the most important palm oil producers in the
world. The country is experiencing a robust development in new oil palm plantations and
palm oil mills. According to a Malaysian Palm Oil Board (MPOB) report [20], the total
biodiesel production projected to 2019 in Malaysia shows an increasing trend (Figure 1b),
which suggests that Malaysia has an important role to play in fulfilling the growing
global need for palm oil-derived biofuels. Biodiesel is generated by esterification of fatty
acids (FAs) or transesterification of triacylglycerol (TAG) with alcohol in the presence of a
catalyst. Water is co-generated in the esterification reaction of fatty acid, and glycerol is
transesterified from TAG (Figure 1c) [21]. Commonly, biodiesel is used in engines with
compression ignition with little or no modification [22]. The characteristics of biodiesel are
similar but not the same as petroleum diesel. Biodiesel has a high flash point, thus making it
safe to store and handle [23]. Biodiesel can be used directly as engine fuel (B100) or blended
with diesel in a certain proportion (B20, B50, etc.) [24,25]. Noteworthy, biodiesel has a higher
cetane number compared to bioethanol, efficient for engine ignition, while bioethanol has
a high-octane number with anti-knocking properties in engines. Earlier literature has
discovered that biodiesel exhibited better engine performance than bioethanol, because
bioethanol has higher miscibility to water and organic solvent that will contaminate the
automotive lubricant parts with resulting corrosion to the engine [26-28].

Generally, there are differences between the esterification and transesterification pro-
cess. Esterification occurs when a carboxylic acid reacts with alcohol by adding an acid
catalyst and produces water as a by-product. Transesterification is the reaction between
the vegetable oil or animal fat and alcohol in the presence of a basic catalyst to form ester
and glycerol as a by-product [29,30].
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Figure 1. (a) Share of each type of biofuel consumed in the EU transport sector in 2011 (adapted from [31]) (b) Biodiesel
production from palm oil from 2010 to 2019 in Malaysia [20] (c) Esterification of fatty acid and transesterification of vegetable

oils/ animal fats.

Based on various physicochemical properties of the catalysts, both acid and base
catalysts can be classified as homogeneous, heterogeneous or enzymatic catalysts [32-34].
Homogeneous acid and base catalysts such as HySO,4, HCl, NaOH and KOH are the most
common homogeneous catalysts used in esterification and transesterification reactions [35].
Compared with homogeneous type catalytic transesterification and esterification, hetero-
geneous catalytic systems have several advantages, including the ease of the biodiesel
separation process, catalyst recycling or reuse, lower energy requirements and minimal
water consumption. Due to these advantages, processing costs can be reduced signif-
icantly [18]. In addition, the use of heterogeneous acid catalysts is the most suitable
when the feedstock contains high free fatty acid (FFA) and high water content, as the
catalyst has a high tolerance for both of the compounds [36]. Solid acid catalysts such as
5042~ /SnO?~-Si0,, carbon-supported solid acid catalyst, sulfated zirconia, etc., have been
extensively studied for transesterification of high FFA feedstock with high biodiesel yield
of 94.8-97.0% [18]. However, a longer reaction time makes this unattractive compared to
the short reaction time from the base-catalysed transesterification process [37,38]. Several
types of solid base catalysts have been utilized for biodiesel production such as alkaline
metal oxide, alkaline metal carbonates or hydro-carbonates, anionic resins and basic zeo-
lites [39]. Among these catalysts, alkaline metal oxides (AMOs) are the most well-known
and effective metal group for base-catalysed transesterification reaction [40]. Many reports
have been published on AMO catalysts (e.g., CaO) for transesterification in various types of
feedstock-based biodiesel production, due to the high basicity of active sites that enhance
kinetic reactivity during the transesterification process. Currently, CaO can be generated
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directly from natural waste shell /limestone/chemical Ca salt, which reported comparable
characteristics to conventional CaO [41-43]. The high availability of calcium resources
makes it a cheap material for various applications.

It was discovered that the waste shells are beneficial for the production of a wide range
of value-added chemicals and products, such as 1,2,3-triazoles [44], cyclopentanone [45],
7,8-dihydro-4H-chromen-5(6H)-one [46], dimethyl carbonate [47], steam gasification [48],
wastewater treatment [49], soil improvement [50], Portland cement replacement [51] and
artificial stone [52]. Xiong et al. [44] studied the synthesis of 1,2,3-triazoles catalyzed by
waste oyster shell powders (OSPs)-supported CuBr catalyst (OSPs-CuBr). The copper(I)
content of the OSPs-CuBr catalyst was found to have the ability to be reused consistently
for eight runs. The authors reported that the prepared OSPs-CuBr catalysts showed high
catalytic activity with cost-effectiveness for the larger-scale synthesis of 1,4-disubstituted
1,2,3-triazoles. Sheng et al. [45] investigated the multiple characteristics of the Scapharca
Broughtonii shell, conch shell and oyster shell derived catalyst for cyclopentanone self-aldol
condensation. Dimer obtained from the self-aldol condensation pathway of cyclopentanone
can be used as a high-density fuel or perfume precursor.

The synthesis of 7,8-dihydro-4H-chromen-5(6H)-one using a one-pot three-component
condensation catalysed by eggshell at ambient temperature was reported by Mosaddegh
& Hassankhani [46]. Synthesis of 7,8-dihydro-4H-chromen-5(6H)-one and its derivatives
contributed to the potential pharmacological activity and as cognitive enhancers for the
treatment of neurodegenerative diseases. Based on the high catalytic activity and reusability,
the synthesis was completed in a short time with a high yield. The optimum catalyst loading
amount to produce the maximum yield was only 0.1 g of eggshell powder. The catalyst was
able to be reused in five runs without losing its catalytic activity. In addition, the authors
found that benzylidene malononitrile intermediate was generated instead of 7,8-dihydro-
4H-chromen-5(6H)-one when condensation occurred without the utilisation of the catalyst.

Gao & Xu [47] examined the viability of eggshell-derived catalyst for the synthesis of
dimethyl carbonate (DMC) from the transesterification between methanol and propylene
carbonate (PC). DMC is an important methylation and carbonylation agent, which is
substituted for dimethyl sulphate and methyl halide in methylation reactions and for
harmful phosgene in polycarbonate and isocyanate synthesis. In “green chemistry” and
“sustainable societies”, the production and chemical applications of DMC are remarkable
for its negligible ecotoxicity, low bioaccumulation and persistency. The maximum value of
PC conversion and DMC yield were shown after 1 h under the optimum reaction conditions
of 0.8 wt.% catalyst amount, with methanol to PC molar ratio 10:1 in 25 °C and 1 atm,
which are 80% and 75%, respectively. The eggshell catalyst was able to be reused at least
four times with a minimal deactivation.

Note that waste shell is also widely utilized in the steam gasification process [53,54].
Fan et al. [48] studied steam gasification of Indonesian sub-bituminous KPU coal (KPU)
using an innovative composite K,COs-eggshell catalyst in a fixed bed reactor. In this
study, eggshells were calcined at a temperature range of 700-900 °C under N, atmosphere.
The mixture of pure K;CO3 and calcined eggshells were impregnated with the KPU.
The introduction of H,O and N gasified the resultant char after completion of the pyrolysis
process. The primary product gases were Hy, CO, CO;, and CHy. The experiment resulted in
improved yields of Hy and CO in the presence of the composite catalyst with a composition
of 15% K,COs3 and 5% eggshell. H, yield with this composite catalyst was increased by 6%
and 123%, respectively, compared to that obtained by utilizing pure K,COj3 and no-catalyst.
Besides, an increase in carbon conversion rate constant of more than three times in the range
of 700-900 °C was also achieved by this composite catalyst, as it reduces the activation
energy of gasification by about 38% compared to the no-catalyst reaction.

In addition, waste shells can be used for wastewater treatment. Evidently, Luo et al. [49]
utilised waste oyster shell in a bio-contact oxidation tank to treat tidal combined river
wastewater. Wastewater quality including chemical oxygen demand (COD), five days’
biochemical oxygen demand (BOD:s), salinity and ammonia-nitrogen (NH;3-N), total phos-
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phorus (TP) and total suspended solids (TSS) was analysed. According to the average
removal percentage of these chemicals (80.05%, 85.02%, 86.59%, 50.58% and 85.32%, respec-
tively), it was confirmed the waste oyster shell bio-filler was efficient in pollutant removal.
The oyster shell as active filler indirectly improved the recovery ability of the system in
the bio-contact oxidation tank by allowing the microbes from the biofilm that decompose
pollutants to attach and grow on it. The growth of microbes and the high porosity of oyster
shell reduced the sludge amount form in the bio-contact oxidation tank, thereby ensuring
accessibility in the one-year experiment.

Soil contamination has impacted on agricultural toxicity, and thereby threatened
human and animal health. Noteworthy, agricultural soil improvement was also achieved
by mixing the soil with calcined waste oyster shell. This has been successfully implemented
by Bi et al. [50]. Moreover, it was discovered that the amount of heavy metal cadmium (Cd)
and arsenic (As) in the soil was remarkably reduced. The oyster shells were calcined at
various temperatures between 400-800 °C and it was discovered that higher calcination
temperature (800 °C) rendered excellent removal of Cd and As. It is noteworthy to state
that the vegetables grown in this improved soil are within the C and A categories regarding
food safety standards.

In the case of the construction sector, waste shell partially replaced expensive Portland
cement and it was discovered that it has the ability to reduce CO, emissions. The mixture
of cement, sand, water and eggshell powder for mortar production was investigated by
Pliya & Cree [51]. The strength, compression and flexural of the mortar decreased as the
replacement percentage of eggshells increased. Hence, the authors suggest that eggshells
could act as a filler to enhance these properties. Waste shells were also utilised in the
production of artificial stone with high mechanical properties artificial. Silva et al. [52]
created artificial stone by mixing oyster shell powder with unsaturated polyester resin.
The authors reported that flexural strength of oyster shell stone (20 &= 2 MPa) was higher
than marble (natural stone) and even than Aglostone (marble powder plus polyester resin).
The authors also inferred that the flexural strength of oyster shell stone might be improved
to 50MPa by adding glass microcrystals which are higher than Marmoglass (>32 MPa).
Its hardness was also tested an 1216 + 120 MPa was obtained which is comparable with
marble (1471 MPa). This shell stone is currently is available for countertops and worktops,
laboratory benches, etc. Based on the above findings, it can be summarized that waste
shells are beneficial for a variety of applications. Since the waste shell is a renewable and
cheap alternative, its implementation in a variety of applications will not only simultane-
ously decrease manufacturing cost, but also reduce the burden on the environment and
ecological system.

Based on the above applications of waste shell, obviously it is very promising to be
used as catalyst for effective production of biodiesel; hence, this paper focused on a detailed
review of natural waste shell as catalyst for biodiesel production [55]. To date, many studies
have reported that Ca®* ion from CaO catalyst was easily leached out during the reaction,
and hence the CaO-catalysed reaction is still far from using an ideal catalyst. Indeed,
the limitation of CaO has been solved chemical modification, such as incorporation of
AMO, transition metal oxide (TMO) or metal functionalization approaches. Several reviews
focused on commercial CaO and eggshell-derived CaO for biodiesel production [56,57].
In the present study, we aim to discuss the remarkable progress of waste shell-derived CaO
for biodiesel production from 2011-2020, besides a comparative study of transesterification
activity summarized for conventional CaO, waste shell-derived CaO and modified waste-
shell-derived CaO catalysts. The review will highlight the reaction mechanism of both CaO
and modified CaO derived from waste shells for biodiesel production. Lastly, the review
summarizes the existing technology of reactor systems for advance biodiesel production.

1.1. Solid Base Catalysts

Solid based catalysts are principally referred to as a heterogeneous system in the
reaction medium, where the solid surface consists of active sites that act as a Bronsted base
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(proton acceptor) or Lewis base (electron-pair donor) [58]. There are a few characteristics for
a catalyst to be recognised as a solid base catalyst. First, when the surface is characterised,
it shows that the basic sites exist. Secondly, the catalyst shows a correlation effect between
catalytic activity and the basicity density as well as the distribution strength of basicity.
Thirdly, the reaction pathways are similar to the base-catalysed reactions in a homogeneous
system. Lastly, the generation of anionic intermediates during the reaction indicates the
presence of a base-catalysed pathway [59]. AMOs including MgO, CaO, S5rO, and BaO,
have been intensively studied as heterogeneous basic catalysts for transesterification of
triglycerides with methanol [60]. The basic strength increased in the order of MgO < CaO <
SrO < BaO, which was attributed to the decrease in electro-negativity of the conjugated
metal cation of AMO. Note that the catalytic activities of transesterification exhibited in the
same sequence. Among these AMOs, CaO exhibited promise as a heterogeneous catalyst
for biodiesel production [58,61,62]. It is noteworthy to mention that CaO is less soluble in
methanol, stable at high temperature, possesses high reaction activity, is non-toxic, naturally
abundant and cheap [63,64]. Faruque et al. (2020) [18] reported that CaO showed high
stability and long life span especially for moderate reaction conditions. Similar findings
were observed [65-67], where the majority of the CaO catalysts exhibited greater reusable
capability (>5 cycles) without undergoing any regeneration process.

1.2. Waste Shell-Derived Catalyst

World aquaculture production is increasing rapidly as seafood demand grows and
marine capture production stalls. Commercial mollusk shells (referred to as mollusks
or shellfish) are an important food component for the global economy, where the com-
mercialisation of mollusks is in second place at a worldwide level. Annually, about 23%
(~16.1 million tons) of mollusks are produced, which is equivalent to 19 billion USD [52,57].
According to the FAO global Fishery and Aquaculture statistics database, there are 79 mol-
lusk species listed as cultured and 93 species considered as captured species. They can be
classified into four major groups: clams, oysters, mussels and cockles. The clam and oyster
are the most prevalent that contribute, 38% and 33%, respectively, to global production [68].
Based on the overview of mollusk farming, Asia has been the main producer of mollusks,
followed by Europe and the Americas. China is the leading producer for mollusks (83.4%)
followed by Japan (2.2%), South Korea (1.9%), Thailand (1.4%) and Vietnam (1.2%) [57,69].
In 2016, Asia yielded 158.35 million tonnes out of 171.39 million tonnes for total global
production [70]. When considering the mollusks’ role as a global food source, one of the
most worrying factors is the huge amount of residue generated. Most of the waste shells are
deposited in landfills, abandoned on land, or returned to the sea, thus causing incalculable
environmental impacts. When the aquaculture wastes are deposited in the soil, it will con-
taminate the environment and create an unfavorable strong odor [52]. Apart from mollusk
shells, eggshells are also widely generated during food processing and manufacturing
plants as by-products [71]. Eggs represent the main ingredient in a variety of food products
such as cakes, salad dressings and fast foods, whose production results in several daily
tons of eggshell waste, and incurs considerable global disposal costs. About 250,000 tons
of eggshell waste is produced annually worldwide [72]. Similar to the scenario of mollusk
waste shell, improper disposal of waste eggshell will result in environmental odor from
biodegradation. Thus, it is strongly suggested that all of the waste shells should be recycled,
reused and channeled as a valuable product for different applications. Indeed, utilization of
waste shell is a priority for sustainable development achievement. Nowadays, waste shells
are reused and refined in various fields, such as water treatments, cosmetics, toiletries,
food, agrochemicals, bioenergy and pharmaceuticals [70]. Interestingly, waste shell can be
potentially used as a bio-based calcium source of catalyst for biodiesel production. Notably,
the use of waste shell in biodiesel production is in line with the purpose of the biodiesel
development, which is a greener and environmentally friendly product.
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1.3. Composition of Waste Shell

Many invertebrates have produced hard-shells composed of crystallized biogenic
minerals to protect and support their soft bodies [73]. The major component in the shells
is calcium carbonate (calcite) with a composition of approximately 95-99% [54,57,74].
Other than calcium carbonate, mollusk shells also contain organic matrix proteins as
secondary compositions, which are known to be important for the nacreous layer and
critical in calcification [73]. Mollusk shells are divided into three main layers which are
the periostracum, prismatic and nacreous layers. The periostracum layer is the external
layer that is composed mainly of conchiolins. The middle layer is called the prismatic layer,
which is mainly made up by oriented calcite crystals. The inner pearlite layer is mainly
composed of orientated aragonite crystals [75].

In the case of eggshell, it can be classified as membranous for snakes and lizards;
pliable for most turtles; and rigid for certain turtles and geckos and all species of crocodiles,
birds and dinosaurs. The eggs of the avian species are the highest grade of amniotic eggs
among oviparous vertebrates. Eggshell is a complex bio-ceramic that allows the regulation
of metabolic gas and water exchange, and its properties can be finely tuned according to
the environmental conditions of a given species. Calcium carbonate (calcite) is the main
component in eggshell, and is the major inorganic substance found in an egg that makes
up about 98% of the chemical composition [76]. Other minor components in eggshell are
Mg (0.9%) and P (0.9%) [77].

There are four main polymorphs of calcium carbonate, which are calcite (b-CaCO3),
vaterite (m-CaCQOs), aragonite (I-CaCOj3) and amorphous calcium carbonate. Calcite, arag-
onite and vaterite are polymorphs in nature in order of increasing stability and can co-exist
in numerous marine organisms [78,79]. Noteworthy, calcite with rhombohedral structures
is the most stable polymorph of calcium carbonate followed by orthorhombic Aragonite.
It forms elongated structures called columns, palisades or crystallite. The presence of
magnesium (Mg) in aragonite creates weaker bonds in the crystal structure; thus, it is more
soluble. Vaterite with a hexagonal structure, which is the most unstable polymorph, readily
transforms into aragonite or calcite at room temperature. Therefore, only a small amount
of vaterite can be found in nature [80-82]. Other than calcium carbonate, some shells are
also composed of chitin. For example, the major composition of oyster shells is calcium
carbonate with a chitin outer layer, and an inner layer consisting of calcite (90%) and
aragonite (10%) [83]. Chitin is one of the most widely abundant biopolymers in the waste
shell, next to cellulose. Chitin is made up of x-(1-4)-linked 2-acetamido-2-deoxy-D-glucose
with 3-(1—4) linkage, known as oligomer. Commercial chitin is mostly extracted from
crustacean shells. About 40 wt.% of waste shells is composed mainly of chitin, lipid,
meat offcuts, calcium carbonate and pigments [78]. Depending on the species and culti-
vation condition of the aquaculture, the composition of chitin in shells will differ from
15-40%. Despite this, the highest composition chitin is tightly bound with calcium (20-50%)
and proteins (20-40%) that give a structural stiffness to the shell. Hence, multiple steps of
pretreatment are required to recover each component [84].

2. Recent Trend in Waste Shell-Derived Catalyst for Biodiesel Production

Valorisation of waste shell rich calcium as natural material for catalyst synthesis
is an outstanding topic. It is considered to be environmentally friendly and provides
various beneficial impacts on the biodiesel industry. Figure 2a shows that the scientific
investigation of biodiesel production in the presence of a catalyst is widely available; here
the statistics indicate an increment from 579 publications in 2010 to 950 publications in
2020. The report indicates that within 10 years (2010-2020), China was the country with the
highest number of publications in this field, with 1415 out of 8409 publications from around
the world, followed by India (1383) and Malaysia (816) (Figure 2b). However, there are
only about 205 publications related to waste shell-derived catalyst (Figure 2c). Figure 2d
reveals the trend of countries with publications related to waste shell-derived catalyst for
biodiesel production from 2010 to 2020. It can be seen that India has published 55 studies
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Figure 2. (a) Publication trends on biodiesel production in the presence of catalyst from 2010-2020, (b) Publications on
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catalyst in biodiesel production from 2010 to 2020, (d) Publications on waste shell catalyst in biodiesel production based on
country from 20102020 (data collected from SciFinder Database).

3. Waste Shells vs. Modified Waste Shells Catalyst
3.1. Waste Shells-Derived Catalyst for Biodiesel Production

Table 1 presents various types of waste shell-derived catalysts for transesterification
of vegetable oil. The majority of the waste shells can be transformed into active CaO
after calcination at a temperature within the range of 800-1000 °C. It can be seen that the
majority of the pure CaO derived from waste shells successfully converted the low FFA
feedstock (palm oil, Camelina Sativa oil, soybean o0il and some low FFA waste cooking
oil) into biodiesel [74,85-92]. High biodiesel yield (90-97%) was achieved by Hangun-
Balkir [74] from transesterification of Camelina sativa oil (FFA: 1.6%) over waste eggshell
and lobster shell-derived catalysts. Both waste shells were prepared by calcination at 900 °C.
The transesterification was catalysed by 1% (w/w) catalyst loading with 12:1 MeOH:oil
molar ratio at 65 °C for 3 h. The authors compared the biodiesel yield that was catalysed
by commercial CaO, waste eggshell and lobster shell. The maximum biodiesel produced
was 99%, 97% and 90%, respectively. Buasri et al. (2013) [86] used waste mussel, cockle
and scallop shell as a catalyst for transesterification of palm oil (FFA: 0.1%) at 65 °C with
MeOH:oil molar ratio of 9:1 within 3 h and 10 wt.% catalyst loading under 1 atm pressure
in a glass reactor. The waste mussel shell-derived catalyst with a large surface area of
89.91 m?/g and pore volume of 0.130 cm?®/g produced 97.23% of biodiesel. However,
scallop (74.96 m?/ g, 0.097 cm3/ g) and cockle (59.87 m2/ g, 0.087 cm3/ g) shell-derived
catalysts produced 96.68% and 94.47%, respectively. Reusability is the most important
feature of heterogeneous catalysts in industrial applications. Based on former literature,
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the majority of waste shell-derived CaO catalysts can be reused up to five times without
further undergoing regeneration treatment [74,88,93,94]. Notably, Laskar et al. successfully
regenerated the CaO derived from snail shell [92]. After being washed with water and
dried, the spent catalyst was reactivated at 900 °C for 4 h. The experimental results showed
that 91% of biodiesel yields were obtained consistently within the eighth run but dropped
to 77% sharply in the ninth cycle over the regenerated catalyst, suggesting that the active
sites of pure CaO catalyst could be recovered after undergoing the regeneration process.
It is worth mentioning that, based on Table 1, the majority of pure CaO derived from shell
still exhibited lower catalyst stability.

When comparing the conventional reflux system with microwave-assisted trans-
esterification, it was observed that the use of a microwave system successfully con-
verts the biodiesel within a shorter reaction time [95]. This fact was in agreement with
Khemthong et al. [87], whereby an effective transesterification activity on palm oil (FFA:
0.55%) using CaO derived from waste eggshells using the microwave at 900 W has been
achieved within 4 min. This method improved the transesterification rate as compared to
the traditional heating method for biodiesel production. Various conditions were tested to
obtain the optimum condition in order to carry out transesterification reaction. Overall,
the authors produced a maximum biodiesel yield of 96.7% using 15 wt% of catalyst loading
amount and MeOH:oil molar ratio of 18:1 at 122 °C. The effectiveness of microwave tech-
nology is due to the presence of electromagnetic radiation that transmits energy directly to
the molecule of reactants, thus resulting in intense local heating able to accelerate molecular
restructuring. Some studies [87,90,93] reported on microwave-assisted biodiesel produc-
tion and noted that high microwave power could accelerate the reaction and improve
product yield in a short time (4-5 min).

Waste cooking oil (WCO) refers mainly to frying oil used at high temperatures, ed-
ible fat mixed in kitchen waste and oily wastewater [96] and has been shown to have a
high content of acidic compounds (FFA: >3%) [97]. The amount of FFA from feedstock
is an important criterion for catalyst selection. WCO with high FFA concentration will
result in increased soap formation with an alkaline catalyst, so it needs to be pretreated
with an acid catalyst to reduce FFA concentration [98]. Due to this reason, it can be sug-
gested that the WCO with low FFA value will easily trans-esterify to biodiesel. Evidently,
Aitlaalim et al. [88], Lin et al. [90] and Sirisomboonchai et al. [91] successfully transesteri-
fied the WCO with FFA value within the range of 0.30-0.61%. It was found that the biodiesel
yield was within the range of 86-94%. Since the FFA for these WCO is lower than 3%, an un-
desired saponification reaction would not occur during the transesterification reaction.

Although waste shell-derived CaO are effective catalysts for transesterification of low
FFA feedstock with high biodiesel yield (90-99%) and high reusability (3-6 cycles), waste
shell-derived CaO shows poor performance in the presence of feedstock with high FFA and
moisture. The presence of moisture favors hydrolysis of triglyceride to diglycerides and
more FFAs, while the presence of FFA with high acidity favors the reaction with the basic
CaO catalyst. Generally, CaO-catalyzed transesterification process renders two plausible
pathways; the first preferable step is a partial heterogeneous reaction attributed to basic
sites of the Ca-O surface; while the second unfavorable step is a homogeneous reaction
that contributes to the Ca?* liquid species that leach into methanol, which causes the loss
of active sites. The leached Ca?* further reacts with FFA in oil via a saponification process
that forms soap as by-product. The formation of soap during reactions resulted in the
poisoning of the catalyst surface, which resulted in the reduction of both transesterification
reactivity and reusability. Besides, the presence of catalyst-soap suspension in the reaction
medium makes the separation between glycerol and biodiesel product difficult and thus
reduces the biodiesel yield [99].

Therefore, further modification of CaO derived from the waste shell is needed as this
may enhance the hydrophobicity of the catalyst as well as the generation of new acid sites
(Lewis or Bronsted acid sites) in CaO system. The presence of both acid-based properties of
the catalyst are crucial for the process of biodiesel production, especially highly adapted to a
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wide-range of low-cost and high acid oil feedstock. It was noted that Lewis/Bronsted bases
sites (attributed to lattice oxide & OH™ phases) favor transesterification of triglyceride oil
to ester, while Lewis/Bronsted acid sites (attributed from metal and H* phases) favor the
esterification process of FFA in oil into ester. Thus, the presence of acid sites from modified
CaO appeared to be insensitive to FFAs and moisture and hindered the saponification
reaction, which increased yield [100]. Generally, the basic nature and acid active sites of
catalysts can be determined by several types of analysis, such as Hammett’s indicators
(references), and CO, /NHj desorption from thermal programmed desorption (TPD), or a
microcalorimetry instrument that provides the basic/acid density as well as the different
strength (weak, medium, and strong) of the adsorption profile. On the other hand, in-
depth information of Lewis and Bronsted sites for acid-based profile, usage of model
catalytic reactions, and theoretical/modeling approaches to determine acid-base actives
site can obtained from other techniques such as Fourier-transform infrared spectroscopy
(FTIR), Electron Spin Resonance Spectroscopy (ESR), Nuclear magnetic resonance (NMR),
photoluminescence, Raman, UV-Visible Spectroscopy (UV-Vis), and X-Ray Photoelectron
Spectroscopy (XPS) [101].

3.2. Modified Waste Shells-Derived Catalyst for Biodiesel Production

As mentioned above, waste shells are natural and renewable resources that can be
used for the preparation of CaO-based catalyst. Calcium carbonate in the waste shells can
be decomposed to CaO through calcination, which can be used as bio-based material for
biodiesel production [74]. Although CaO is highly active for the transesterification process,
the CaO is limited in stability and sensitive to FFA content and frequent dissolution and
leaching of Ca?* ions. This phenomenon resulted in reduction of catalytic activity during a
reusability study, where the leached Ca®* contaminated the biodiesel product at the end of
the process [61,102]. Indeed, CaO catalysts have been extensively modified by adding a
second or more chemical components to improve its catalytic activity and the stability of
the system. Generally, these modified CaO catalysts were prepared via incorporation of
AMO, TMO, mesoporous material, and through functionalization approaches.

Based on the previous section, other AMOs including MgO, SrO, and BaO have been in-
tensively studied as heterogeneous basic catalysts for transesterification of triglycerides [60].
Taking into account the superior basicity characteristic for these AMOs [103-105], com-
bining these with CaO derived from waste shell has been focused on. Boro et al. [104]
investigated biodiesel production from WCO by using a series concentration of Ba (0.5%,
1.0% 1.5%) doped waste Turbonilla striatula shell-derived CaO catalyst. It was found that,
as the Ba concentration increased from 0.5% to 1.0%, the basicity properties increased,
and reduced when the Ba concentration increased to 1.5%. This author suggested that
reduction of basicity is due to reduction in the CaO species. The study revealed that
Bal.0/CaO showed higher biodiesel yield (98%) and the capability to be reused four
times. Similarly, Boro’s study in transforming Nahor oil (FFA: ~8%) [106] and WCO (FFA:
11%) [104] into biodiesel rich fuel over Ba modified waste shell-derived CaO catalyst and
Ba/CaO catalysts, yielded biodiesel of 98%. Mg/CaO synthesized from waste eggshell
was also found effective in transesterification of edible waste oil. EDX analyses showed
MgO/CaO catalyst consisting of 26.03% calcium, 41.93% oxygen, and 32.04% magnesium.
The highest biodiesel yield of 98.37% was produced at the optimum condition of 4.5 wt%
catalyst loading amount, 16.7:1 MeOH:oil molar ratio at 69 °C for 7 h with reusability
up to six times [105]. Tomano et al. [103] investigated the properties of Sr substituted
cuttlebone-derived CaO for the conversion of biodiesel from palm olein. The Sr species
were loaded within a range of 1-10 wt.%. Different content of Sr dispersion on CaO sur-
face was indicated by the mapping analysis. However, the rich Sr species on the CaO
surface could result in a reduction of BET surface area of the Sr/CaO catalyst. Overall,
Sr/CaO with 1 wt.% of Sr loading has the highest BET surface area. The transesterification
was carried out in 60 °C with 9:1 methanol/oil ratio and 5 wt.% catalyst loading for 3 h.
The 1 wt.% Sr/CaO rendered highest conversion of biodiesel at 95%. Not that the biodiesel
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yield produced by AMO doped CaO was mostly >95% and the catalyst can be reused up to
>5 times after regeneration treatment.

Transition Metals (TM) such as Zn, Fe, Mn, Al, Mo, Cu, etc., are important materials
that have been used in many catalytic reactions. Indeed, TMOs are commonly used in
the process of oxidation, dehydrogenation, selective oxidation/reduction, ammoxidation,
metathesis, water—gas shift, etc. The unique physicochemical properties of TMOs favour
the selective reaction pathways such as surface acidity and basicity, cationic and anionic
vacancies, high mobility of lattice oxygen, etc. [107]. Due to the excellent chemical prop-
erties of TMOs, the chemical properties of CaO could be tailored through TMO addition.
Hence, TMO modified CaO will have both acidic-basic sites, which actively convert high
FFA feedstock to biodiesel via both esterification and transesterification processes [108].
Evidently, Joshi et al. [109] successfully converted high FFA feedstocks (Jatropha (6.25%)
and Karanja oils (8.75%)) over Zn, Fe, Mn and Al-doped CaO derived from eggshell to
biodiesel. Interestingly, the specific surface area and basicity character of TMO doped CaO
catalyst are greater than for pure CaO. The high basicity character of TMO modified CaO
is possibly due to the existence of synergistic interaction between the multi-metal ions.
The authors also stated that the electron-donating property of oxygen anion in the TMO
makes the combined metal ions more electropositive, which may lead to the formation of
more Lewis base sites on the surface of CaO. As expected, the TMO doped CaO effectively
transesterified and esterified the high FFA feedstocks with yield within a range of 76-98%
and have the ability to be reused for four cycles with a biodiesel yield within the range
92-95%. Similarly, Rahman et al. reported on the transesterification of eucalyptus oil
by using Cu and Zn doped CaO derived from eggshell [110]. Zn doped CaO exhibited
excellent basic sites, a larger surface area and pore volume than Cu doped CaO and CaO
itself. The transesterification of eucalyptus oil was performed at the optimum condition:
5 wt.% catalyst loading, 6:1 MeOH:oil molar ratio, 65 °C for 2.5 h. The biodiesel yield for
catalyzed transesterification of eucalyptus oil was in the sequence of Zn/CaO > Cu/CaO >
CaO. The authors reported the reusability of the Zn/CaO up to seven times with the yield
of the biodiesel maintained > 85% to the sixth run. The effectiveness of TMO modified
CaO was agreed by Kaur and Ali’s study, in which the transesterification of jatropha
oil occurred over Mo doped CaO at reaction parameter: 12:1 ethanol to oil molar ratio,
65 °C using 5 wt.% of catalyst loading within 4.5 h of reaction time. The results showed
that 99% of biodiesel was achieved and the catalyst can be reused up to five times [111].
Das et al. [112] utilised cobalt-doped waste eggshell derived CaO catalyst, in the conversion
of lipid extracted from Scenedesmus quadricauda species algae to biodiesel. In this work,
about 98% of algae oil was successfully converted into biodiesel over Co/CaO catalyst.
Note, the Co/CaO exhibited stable activity for at least three reaction runs. The authors
remarked that partial leaching of the Co and deposition of reaction products to the catalyst
active sites were the possible reasons for lower catalyst stability. More recent studies
for biodiesel production using TMO doped CaO derived from waste shell (W-Mo/CaO,
Zn/CaO and Fe304/Ca0) have been reported by Mansir et al. [113], Borah et al. [114]
and Helwani et al. [115]. In general, the TMO doped catalyst produced high biodiesel
yield within the range 90-97% and reported that these catalysts can be reused in up to five
consecutive runs. The above findings suggest that TMO modified CaO catalyst has been
found to be the most promising technique in overcoming the dissolution of active Ca?*
and improving the catalyst stability.

Functionalization is a treatment incorporating other chemical elements or compounds
such as alkaline (KOH, NaOH, KF) and acid (H,SO,4, HCl, HSO3CI) to tune desirable
characteristics in the catalyst [116]. Alkaline functionalisation is an approach to improving
the surface area and pore volume of the catalyst [117], while acid functionalisation will
improve the acidic properties of the catalyst. Thereby, the acid functionalised CaO catalyst
is capable of converting high FFA feed to biodiesel via esterification [118]. This is evinced
by Nurhayati et al. finding [118], with sulfonated blood clam shell catalyst (CaO treated
by 3M Hj)SO;) effectively converting both FFA and TAG to a high yield of biodiesel



Catalysts 2021, 11, 194

12 of 26

(~97%) under reaction conditions: 12:1 MeOH:oil molar ratio, 60 °C for 3 h using 1 wt.%
catalyst loading. Cho and Seo [119] also treated quail eggshell with 0.005 M HCI for
2 h and maximum biodiesel conversion of 89% was obtained by transesterification of
palm oil at 65 °C within 2 h using 1 wt.% of catalyst and 12:1 methanol:oil molar ratio.
Other cases of high FFA microalgae oil were studied by Syazwani et al. [120] with the
utilisation of CaO derived from Angel Wing shell catalyst. The CaO catalyst was modified
via sulfuric acid treatment and the result indicated that the CAWS-(,)SO, catalysts were
capable of converting the palm fatty acid distillate (PFAD) (FFA: 92%) to biodiesel rich
fuel. The optimal biodiesel conversion (98%) from the PFAD was acquired at the reaction
temperature of 80 °C, 15:1 MeOH:PFAD molar ratio and 5wt.% catalyst loading for a 3h
reaction time [121].

As discussed previously, the alkaline functionalisation approach has been extensively
investigated to improve the textural properties of the CaO [117]. This was confirmed by
Nurdin et al. [122] in the transesterification of castor oil. Obviously, KOH/CaO derived
from mussel shell shows high surface area and pore volume properties. The authors
reported the catalyst’s reactivity, capable of maintaining biodiesel yield to ~80% for four
reaction runs under optimal condition: 6:1 MeOH:oil molar ratio, 2 wt.% catalyst loading,
60 °C for 3 h. Other than KOH, CaO was also modified by alkaline potassium fluoride
(KF). Thi & Myat [123] treated the waste eggshell derived CaO with KF in order to promote
stronger active sites formation. KF was functionalized with CaO via a wet-incipient method
under microwave irradiation. The authors remarked that the composition of Ca and KF in
KF/CaO catalyst influenced the catalytic transesterification activity. The study indicated
that the maximum yield of biodiesel was not achieved with the high amount of KF, due to
over-coating of the catalyst surface by potassium and fluoride components. Biodiesel
production was performed at the optimum condition with 8:1 MeOH:oil molar ratio,
5 wt.% catalyst loading at 65 °C for 2.5 h with maximum biodiesel yield of ~95%, while a
reusability study showed that KF/CaO only can be reused for up to four runs with biodiesel
yield > 80%. The stability of KF/CaO was further compared with pure CaO, when KF/CaO
rendered better stability with less Ca leaching. Beyond that, Komintarachat & Chuepeng
functionalised KCl on green mussel-derived CaO (CaOsyaste) for transesterification of WCO
under optimum conditions of 4 wt.% catalyst loading, EtOH:0il molar ratio of 10:1, 80 °C
within 3 h [124]. The optimum biodiesel yield obtained was 97%. A comparison study was
performed between CaOcom, synthesised CaO calcined from green mussel shell (CaOyaste)
and KCl-impregnated CaO waste (KCl/CaOyaste), when KC1/CaOyyaste catalyst was shown
as most effective in facilitating the transesterification reaction.

Instead of metal oxide dopant and acid-alkaline functionalization approaches, the CaO
can be modified via a hydration—dehydration technique. The hydration-dehydration of
CaO catalyst involves the replacement of CO?~ with OH~ form Brensted basic sites [125].
Ahmad et al. [126] treated waste eggshell-derived CaO with the hydration-dehydration
method for the transesterification of algal biomass. With this method, the calcined eggshells
were refluxed in the water at 60 °C for 6 h, followed by partial thermal treatment. Note-
worthy, hydroxylation reaction occurred during water treatment, which simultaneously
promoted the hydroxide surface on CaO. When the water-treated samples were sent for
partial dehydration process, the attached water molecules were removed from the cata-
lyst lattice, which led to the fractionation of crystallites to smaller sizes (higher surface
area) and generation of higher porosity [100]. Ahmed further reported that the yield of
biodiesel obtained was 93% under condition of 2 wt.% catalyst loading, 30:1 MeOH:Algal
biomass at 60 °C for 3 h [126]. The authors reported that this catalyst was stable for six
cycles with an average yield of >85%. A series of Zn doped CaO derived from eggshell
(0.5-2 wt.% Zn?* concentration in CaO) nano-catalysts was prepared and employed in the
transesterification of WCO [114]. Maximum biodiesel conversion of 97% was recorded
under the reaction conditions of 20:1 MeOH:oil molar ratio, 5 wt.% catalyst loading, 65 °C
reaction temperature and 4 h of reaction time. Recently, Niju et al. utilized modified CaO
derived from eggshell for transesterification of WCO and the result showed that biodiesel
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conversion at94% with reusability > 90% for six runs [127]. Similarly, Niju’s research
study also discovered a high biodiesel yield (97%) from transesterification of WCO over
calcination-hydration—-dehydration modified CaO. The CaO was produced from Tellina
tenuis shells [128]. Based on Niju’s observation, an excellent porous structure of the CaO
catalyst was obtained from this method, and the large surface area confirmed the enhance-
ment of the transesterification process [54,129]. Although several studies proved that the
CaO synthesized from the hydration-dehydration approach exhibited excellent transesteri-
fication activity, this catalyst is chemically unstable as it possesses low reusability. This was
in accordance with our former research group finding [100], where the modified CaO
catalyst from natural waste clamshell (Meretrix meretrix) was used for transesterification of
palm oil. The CaO modified via hydration-dehydration treatment showed high biodiesel
conversion (98%) under a reaction time of 2 h, 1 wt.% catalyst loading and 9:1 methanol:
oil molar ratio. Unfortunately, the catalyst was only capable of maintaining two runs
of reaction with 98% biodiesel yield. Instability of the catalyst is due to the presence of
active Ca(OH), phases, which partially decomposed during the transesterification reaction.
Interestingly, Chen’s group [130] replaced the water medium with an alcohol medium
during the catalyst’s hydration treatment for the purpose of better Ca(OH), stability during
transesterification. The modified abalone shell-derived CaO (M-CaO_100) was treated by
using ethanol in the hydration-dehydration method. Similarly, the ethanol acted as water
that partially hydrated CaO to Ca(OH);, species, the results showing high basic density
and excellent textural properties. The study further reported that a 7 wt.% catalyst loading,
9:1 MeOH:oil molar ratio and a reaction time of 2.5 h is required to obtain a biodiesel yield
of 96%. In detail, after the fifth run, the biodiesel yield of the M-Ca(O_100 catalysed reaction
dropped from 95.0% to 88.5%. The loss in activity during the reusability process was due to
formation of calcium diglyceroxide on the catalyst surface, which resulted in unfavourable
reaction between Ca(OH), with the by-product glycerol. Overall, the results suggested that
the ethanol treatment did not provide a significant stability effect to reduce Ca?* leaching
behaviour for M-CaO_100. Based on the above discussion, it is still a great challenge to
identify a highly stable solid CaO derived from waste shell for biodiesel reaction.

It can be noted that not all of the literature studies on modification of CaO showed a
significant impact on the stability of the catalyst for transesterification of plant-based oil.
However, it has confirmed that the CaO catalysts were ineffective in transforming high FFA
feedstock to biodiesel. This is due to the partial homogeneous state of CaO (dissolution of
Ca?*) and lead to a big challenge for large scale biodiesel production. The high basicity
of CaO catalyst is sensitive to the acid characteristics of FFA and the moisture content in
low grade feedstock. Therefore, FFA content in oils needs to be kept as low as possible
(0.5-1%) to hinder the saponification reaction, because otherwise it will react with the CaZt
to produce soap as by-product. Excessive soap formation inhibits the biodiesel-glycerol
phase separation and thus reduces biodiesel yield drastically. Due to this, modification
of CaO is necessary to generate the acid sites in the catalyst system. The presence of
Lewis/Bronsted acid sites is able to esterify the presence of FFA in low-grade feedstock
into ester product without reducing the transesterification reactivity of the catalyst.
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Table 1. Summary of various types of waste shell derived catalysts in transesterification of biodiesel production.
Calcination Transesterification
Waste Shells Feedstocks FFA (%) Catalyst . Conversion/Yield Reusability Ref.
Temperature Duration O Catalyst . o o
e ) MeOH:Oil (Wt%) Duration (h) (%) (%)
Angel Wing Shell Microalgae Oil 8.03 CaO 805 2 150:1 9 1 84.11 3 [120]
Blood Clam Shells Crude Palm Oil <2 H,S0,/CaO 900 5 12:1 3 3 96.69 - [118]
Capiz Shell Refined Palm Oil 0.10 CaO 900 2 8:1 3 6 92.83 3 [85]
Chicken Eggshell Jatropha Oil 6.25 ZnO-CaO 900 4 12:1 5 1 98.20 4 [109]
Cockle Shell Palm Oil 0.10 CaO 1000 4 9:1 10 4 94.47 4 [86]
Crab Shell Jatropha Oil 6.25 CaO 900 2 18:1 4 (MiSC g)““‘f;)ve) 92.11 5 [93]
Cuttle Bone Palm Oil 0.10 Sr/CaO 1000 5 9:1 1 3 95.47 [103]
Eggshell Palm Oil 0.55 CaO 800 4 18:1 15 (Mig“:f;)ve) 96.70 5 (871
Eggshell Camelina Sativa Oil 1.60 CaO 900 3 12:1 1 3 97.20 - [74]
Eggshell Nahor Oil <1 Li Doped CaO 800 2 10:1 5 4 95.00 3 [106]
Eggshell WCO - MgO/CaO 900 4 16.7:1 4.5 7 98.30 6 [105]
Eggshell Eucalyptus Oil 0.56 ZnO/CuO 900 4 6:1 5 2.5 >90 7 [110]
Eggshell Microalgal Oil 0.37 Co/CaO 900 4 - 1.5 4 98 3 [112]
Eggshell Palm Oil 0.10 KF/CaO 900 3 81 5 2.5 ~95 4 [123]
Eggshell Algal Biomass - HD CaO 900 3 30:1 2.1 3 93.44 6 [126]
Grooved Razor Shell WCO 0.66 CaO 900 - 15:1 5 3 94.00 6 [88]
Lobster Shell Camelina Sativa Oil 1.60 CaO 900 3 12:1 1 3 90.00 - [74]
Mussel Shell Soybean Oil 0.10 KI-CaO 1000 4 6:1 35 4 85.00 - [89]
Mussel Shell Palm Oil 0.10 CaO 1000 4 9:1 10 4 97.23 4 [86]
Mussel Shel Castor Oil 1.00 KOH/CaO 1000 1 6:1 2 3 91.17 5 [122]
Oyster Shell WCO 1.00 CaO 1000 2 9:1 6 (Microg)wave) 87.30 - [90]
Quail Eggshell Jatropha Oil 6.25 CaO 900 2 18:1 4 (MiSC Eglv]j;)ve) 92.78 5 [93]
Quail Eggshell Palm Oil 0.10 H,S0,/Ca0 800 - 12:1 0.01 (g) 2 89 - [119]
Scallop Shell Palm Oil 0.10 CaO 1000 4 9:1 10 4 96.68 4 [86]
Scallop Shell WCO 0.62 CaO 1000 2 6:1 5 2 86.00 4 [91]
Snail Shell Soybean Oil 0.10 CaO 900 4 6:1 3 7 (28°C) 98.00 9 [92]
Turbonilla Striatula WCO < Ba Doped CaO 900 3 61 1 3 >98% 4 [104]

Shell
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4. Mechanism of CaO Catalysed Transesterification

The most usual foundations for heterogeneous transesterification mechanisms are
Eley-Rideal (ER) and Langmuir-Hinshel (LH) [131]. Both mechanisms are a theoretical
model of bimolecular chemical reaction that can take place on a solid surface. In the ER
mechanism, an atom or molecule adsorbs onto the surface, followed by direct reaction with
another atom or molecule attached to the catalyst’s surface. However, in the LH mechanism
two atoms or molecules are initially adsorbed on the surface of the catalyst, and diffuse
across the surface until they are close enough to interact [132]. The ER mechanism for
the transesterification process involves three steps (Figure 3a): (i) methanol (M) is first
adsorbed on the active site of the catalyst surface (S); (ii) then the triglyceride (TG) reacts
with the methoxide ion to form fatty acid methyl ester (FAME) and glycerol (GL); and
(iii) finally the glycerol is desorbed from the surface of the catalyst active site [133]. In the
case of the LH mechanism, the reaction involves a five-step process. In the first two steps,
the methanol and oil are individually adsorbed on the surface of the catalyst and generate
two different active sites for further reaction. Both reactants will further react with each
other in the following step, which is known as the determining step. The glycerol and
FAME produced from the determining step is then desorbed separately in the last two-step
of the transesterification process (Figure 3b) [133].

Catalyst

TG)
m'M

o

Catalyst Catalyst

TG+8, 2 TG,
3M+3S,23M,,

3 M, + TGy, + 28, =3
FAME, + GLg, +2S,
Glg, = GL+ S,

3 FAMEg, = 3FAME + 38,

Figure 3. (a) Eley-Rideal (ER) mechanism and (b) Langmuir-Hinshel (LH) mechanism (data adapted
from http:/ /www.chem.ucl.ac.uk/cosmicdust/er-lh.htm).

As mentioned in the previous section, CaO is the most studied alkaline-earth metal
oxide catalyst for transesterification. The presence of conjugated oxygen anions on the
surface of CaO generates strong Lewis basicity that greatly affects the catalytic activity
during the transesterification reaction [134]. The generation of basic sites on the oxide
phase of the Ca-O surface plays role in abstracting the protons from the organic matter,
which trigger a basic catalytic reaction [135]. Figure 4a illustrates the mechanism of CaO
catalysed transesterification. The presence of basic active sites in the CaO catalyst abstracts
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the proton from methanol to form a higher catalytic activity methoxide anion (CH307).
The CH30™ then carries out a nucleophilic attack on the carbonyl carbon of triglyceride
to form the tetrahedral alkoxy carbonyl intermediate. The rearrangement of this unstable
intermediate results in the decomposition of the diglyceride anion and the formation of
fatty acid methyl ester (biodiesel). Finally, the proton attracts the diglyceride anion to
produce diglyceride and regenerate the active site of the CaO catalyst. This mechanism
is then repeated twice for another two-carbonyl carbon and glycerol is yielded as a by-
product. Both the first and second steps of the complex process of the transesterification of
triglycerides and diglycerides with methanol are always much faster than the reaction of
monoglycerides, which ultimately produces biodiesel and glycerol [136].

OCOR, OCOR, OCOR, (a)
OCOR; OCOR; OCOR;
<|>") —> ¥ H,C-0-C-R,
0=C-R, o'lq-R,
OCH,
’H cH ’H
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Figure 4. (a) Mechanism of CaO catalyzed transesterification (data adapted from [21]) (b) Mechanism of CaO reacted with
by-produced glycerol in production of fatty acid methyl ester (FAME) (adapted from [137]).

The generated by-product glycerol is a trihydric alcohol, which tend to react with
CaO via the dihydroxylation process to form CaO-glycerol complexes, known as calcium
diglyceroxide (Ca[O(OH),C3Hs],). The catalytic activity of these complexes is slightly
lower than CaO in transesterification. Figure 4b shows the mechanism of CaO reacted with
glycerol. The protons of the methanol are abstracted by two of the -OH groups located next
to each other in calcium diglyceroxide and contribute to the establishment of intermolecular
hydrogen bonding to generate species A and B. Species B then reacts with triglycerides
to yield biodiesel. Calcium diglyceroxide is finally regenerated and makes the process
self-repeating, which further enhances the transesterification reaction [131,135,137].

5. Recent Progress of Reactors Used for CaO and Waste Shell Catalyzed
Transesterification

Generally, the lab-based transesterification and esterification process is conducted
by using a three-neck round-bottom flask fitted with a reflux condenser, magnetic stirrer
and a thermometer with water cooling condenser (Figure 5a) [114,138]. Notably, the ma-
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jority of the waste shell catalyzed transesterification focused on the reflux distillation
system [129,139]. The conventional heating system for biodiesel production has shown
some drawbacks. Limitations typically are the dependence on the thermal conductivity of
the material, the heterogenic heating of the surface and specific heat. To date, these reflux
distillation techniques are being replaced by more advanced systems.

In biodiesel production, proper mixing is critically important to create sufficient
contact between oil and alcohol. In this context, ultrasonication helps by facilitating the
liquid-liquid interfacial area through emulsification, which can effectively generate vapour
bubbles and cavitation bubbles in viscous liquids (Figure 5b) [140,141]. The ultrasound in
the chemical processing enhances both the mass transfer and chemical reactions, offering
the potential for shorter reaction times, cheaper reagents and less extreme physical condi-
tions [142,143]. In Teixeira et al. [142] on transesterification of beef tallow, it was reported
that using ultrasound irradiation shortens the reaction time (70 s). Obviously, the transes-
terification of beef tallow using ultrasound irradiation had a biodiesel conversion (92%)
that was comparable to the conventional method (reflux distillation system) that needed
1h (91%). Note that the quality of the biodiesel was like biodiesel produced with the con-
ventional method. These finding suggest that the process involving ultrasonic irradiation
could be a feasible and effective method for the production of good quality biodiesel from
beef tallow. Recently, Wilayat et al. [144] produced biodiesel from WCO by using CaO
assisted by ultrasonic wave. About 1-4.4% of catalyst is used for the biodiesel reaction
with the presence of an ultrasonic wave generated from an ultrasonic cleaner at 28 and
42 kHz of frequency. The results have shown a highest methyl ester yield at ~90% using
9:1 MeOH:oil molar ratio and a frequency of 40 kHz. Clearly, the increment frequency of the
ultrasonic wave causes an increase in the transesterification rate. The ultrasonic-assisted
transesterification of palm oil in the presence of CaO was investigated by Mootabadi [145].
The reaction process was carried out with 20 kHz ultrasonic cavitation, reaction time
(10-60 min), MeOH to palm oil molar ratio (3:1-15:1), catalysts loading (0.5-3%) and vary-
ing of ultrasonic amplitudes (25-100%). At optimum conditions of 60 min, 95% of biodiesel
yield was achieved as compared to 2—4 h under the conventional reflux process. A further
study on ultrasonic-assisted transesterification of palm oil with the aid of waste ostrich
eggshell-derived CaO was reported in the earlier literature [146]. Under ultrasonic condi-
tions, ~93% of biodiesel yield was achieved under the optimal condition: reaction time:
69 min; MeOH:oil to oil ratio of 9:1, catalyst loading of 8 wt.%.

Microwave irradiation provides an alternative energy source suitable for use in heat-
ing of the transesterification process. During transesterification of oil-based triglyceride
with alcohol, the microwave system is able to activate the smallest variance in degree of
polar molecules and ions, such as alcohol (R-OH), with a continuously changing magnetic
field. The varying electric field resulted in an interaction between the triglyceride and alco-
hol ions (R-O-), thereby rapid rotation occurs between the reaction medium, which further
generates heat attributed to molecular friction. Hereafter, the microwave-assisted system
will accelerate the generation of heat and pressure from the reaction medium, which sup-
ports further decomposition and re-structuring of the molecular structure, and increases the
mass transfer rate. It can be suggested that the high conversion of triglyceride into desired
biodiesel will be attained within a shorter reaction period [147,148]. It is noteworthy that
the former literature also revealed that the microwave system might enhance reaction rate,
purity and yield of product in biodiesel synthesis [149,150]. Figure 5c shows an example of
a modified Samsung 1000 W 2450 Hz household microwave oven. Two holes were drilled
in the top of the domestic microwave oven, one to position the stirrer and the other to
shift the thermocouple inside the microwave. The microwave was fitted with a mechanical
stirrer, which was powered by a motor to replace the carousel. The thermocouple was
attached to a USB-5104 4-channel thermocouple logger. For this experiment, a one-litre
beaker was supplied and a separation funnel was used to isolate the biodiesel from the
reaction mixture. The reaction analysis was conducted by varying microwave power input,
catalytic loading and methanol to oil molar ratio. Although the application of a modi-
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fied household microwave for biodiesel synthesis is an effective and low-budget study,
its application is still not considered as ideal for scientific experiments due the lack safety
features such as overpressure guard, temperature control regulator and power control, etc.
Due to this concern, researchers continue to discover the potential of a microwave-assisted
system for biodiesel synthesis [93,151,152]. The efficiency of the microwave reaction system
has been further proved by Liou and Chung in the microwave-assisted transesterification
of Jatropha oil over KOH impregnated CaO catalyst [151]. The optimum condition for
producing the highest yield of biodiesel was as follows: 8.42 MeOH:oil molar ratio, 3.17%
catalyst loading and total reaction time of 67.9 min. The average conversion for three
repeated experimental runs at optimum condition was found to be 97.1%. The biodiesel
obtained also had properties satisfying the desired standards. Similarly, Zamberi and
his partners reported the utilization of CaO derived from waste cockles on the biodiesel
production of WCO via a microwave heating system. Within 4 min, more than 95% yield
concentration was recorded through the microwave irradiation method [153]. This was
based on Buasri and Loryuenyong’s findings on biodiesel production from jatropha oil
over CaO derived from eggshell via a microwave-assisted reaction system [93]. Apparently,
rapid transesterification reaction is observed which yielded a conversion of oil of nearly
94%, reaction time 5 min, microwave power 800 W, MeOH:oil molar ratio 18:1, and catalyst
loading 4 wt.%. Overall, based on these studies, it is highly affirmed that the transes-
terification assisted by the microwave-assisted method improved biodiesel yield, quality
and reaction rate. When comparing the technology effectiveness of biodiesel production
by using the ultrasound irradiation, ultrasonic wave and microwave reaction systems,
it was observed that the transesterification process under ultrasound irradiation is much
faster. This is due to a collapse of the cavitation bubbles and ultrasonic jets that impinge
feedstock to methanol, disrupting the phase boundary and causing emulsification. Overall,
the ultrasound irradiation method is the most promising alternative heating source for the
biodiesel industry.
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Figure 5. (a) Set up of transesterification reaction, (b) Component part of ultrasonic-assisted transesterification (adapted

from [141]) (c) Transesterification by using a batch process within a modified Samsung 1000 W 2450 Hz household microwave
oven (adapted from [152]).
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6. The Challenge of Waste Shell-Derived Catalyst and Advance Reactors for the
Biodiesel Industry

Calcium-rich waste shell materials as a low-cost green resource are readily available
around the world. Utilization of the waste shell modified catalyst is a tremendous prospect
for the biodiesel industry. Yet, there are still challenges for further improvement on an
industrial scale. This is due to the instability of CaO catalyst which commonly suffers from
Ca?* leaching problem [135]. Other problems such as low surface area, water sensibility,
leaching of active sites by glycerol, and competing with soap-forming side reactions have
afflicted the utilization of waste shell-derived CaO catalysts. According to the research
work done by Kouzu and Hidaka, the leached Ca?* is increased when there is excess water
content in the reaction medium [135]. This is noteworthy to mention, since Ca?* easily
dissolves and leaches into the reaction product; hence, additional advance separation and
purification are needed to extract Ca?* ions from the biodiesel. Thus, it will produce a
significant volume of wastewater during the purification process. Furthermore, the CaO
catalyst was often easily deactivated by water or CO, [154]. Due to the adsorption of
CO; and humidity, the CaO surface is readily contaminated by moisture attachments and
transforms to CaCO3 and Ca(OH)y, respectively. This Ca(OH), phase will apparently act
as a partial homogenous catalyst in the transesterification reaction, hence leading to the
increment of Ca?* leaching species. Based on the above discussion, the instability of CaO
derived from waste shells can be resolved by combining the CaO with other chemical
compounds such as AMOs, TMOs and functionalization approaches. Moreover, alkaline
metal and transition metal are considered inexpensive materials, which do not significantly
contribute to the overall production cost when the catalyst can be reuses for many runs
under a simple purification process as compared to a homogeneous [154].

In the case of reactor design, although intensification systems such as microwave- and
ultrasonication-assisted transesterification offer the opportunity to save operation time as
well as improve productivity, one of the limitations of microwave scale-up technology for
industrial purposes is the restricted penetration depth of microwave irradiation into ab-
sorbing materials. Weissman et al. [155] reported that the penetration depth of microwave
irradiation is limited to 2-5 cm and therefore the vessel size cannot be expanded unrestrict-
edly. High microwave power may also lead to rapid input of energy into the reaction and
to overheating. Another issue is related to the homogeneity (inhomogeneity may lead to
hot spots and product degradation) and stability of solvents, reagents, and products at
temperatures higher than 200 °C. The continuous occurrence of instability and degradation
of the reaction mixture will result in safety issues.

As a consequence of microwave input, the system will result in a rise in pressure
during the reaction; hence the construction materials for the microwave reactor must be
able to withstand high temperatures and high pressure (e.g., 250 °C, 20 bar). Based on this
fact, it is believed that the implementation of ultrasonication scale-up technology will face
additional issues including the implementation of the ultrasonic homogenization system.
This technique is very important in producing chemical and physical effects that arise from
the collapse of cavitation bubbles. As reported by Shinde and Kaliaguine, high-frequency
ultrasound (~40 kHz) will rapidly increase the rate of transesterification reaction and hence
increase biodiesel yield [140]. As a consequence, the ultrasound amplitude and power
should be carefully controlled for up-scaling purposes. Noteworthy to mention is that,
when comparing microwave- and ultrasonication-assisted method, the ultrasound offers a
much cheaper process and less extreme physical conditions. Despite the large number of
studies that have investigated ultrasonic-assisted biodiesel production [142,156], it appears
that there has been no thorough study conducted on the use of ultrasound for improving
biodiesel production for scale-up purposes.

7. Conclusions

Natural waste shells are rich in calcium that is potentially convertible into Ca-based
catalyst for biodiesel synthesis via transesterification/esterification pathways. Generally,
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the calcium is present in the form of calcium carbonate (95-99%), and further treatment is
required in order to expose the calcium active phases (e.g., oxide or hydroxide phases) for
further reaction. The waste shell-derived CaO or Ca(OH), shows similar characteristics to
the conventional form, such as basicity and surface area. It was noted that both properties,
especially the high basicity density and strong basic strength of catalyst, greatly enhance
the transesterification rate for biodiesel production. However, the present form of waste
shell-derived catalysts is still limited in use for feedstock with high free fatty acid or high
moisture content found in non-edible oil and waste cooking oil. Unfavorable side reactions
occurred between Ca from waste shell-derived catalysts with FFA or moisture to form
unwanted soap product, and the ease of dissolution of catalyst by Ca leaching, respec-
tively. Thus, further modification of waste shell-derived catalysts has been extensively
studied by researchers to improve the stability of catalyst, as well as resist FFA /moisture
in the feedstock. The modification can be performed via incorporation of alkaline metal
oxide, transition metal oxide, and functionalization with chemicals (KOH, NaOH, KF,
H,S04, HCI, HSO3ClI) to tune the acidity-basicity of active sites and textural properties
of waste shell-derived catalysts. The findings show that the transesterification reactivity
significantly improves with higher biodiesel yield, as well as a better reusability profile.
Other than modifying the waste shell-derived catalyst, intensification of transesterifica-
tion was performed by using microwave- or ultrasonic-assisted technology to replace the
conventional reflux heating, with short operation time as well as clean biodiesel product.
However, implementation of this technology for scale up biodiesel production must meet
the challenge of construction and operating cost. Thus, continuous development of reactor
technology for biodiesel production is in progress to strive for better ecological processes.
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Abstract: Homogeneous catalysis is relevant for biodiesel fuel synthesis; however, it has the disadvan-
tage of difficult separation of the catalyst. In the present work, heterogeneous catalysis was applied
for rapeseed oil transesterification with methanol, while snail shells were used as a catalyst. CaO
content in the catalyst was investigated. Transesterification reactions were carried out in a laboratory
reactor, ester yield was analyzed using gas chromatography. Response surface methodology was
used for process optimization. It was found that the optimum transesterification conditions when
the reaction temperature is 64 °C are the following: a catalyst amount of 6.06 wt%, a methanol-to-oil
molar ratio of 7.51:1, and a reaction lasting 8 h. An ester yield of 98.15 wt% was obtained under
these conditions.

Keywords: biodiesel; oil; methanol; snail shells; heterogeneous catalysis; optimization

1. Introduction

Global warming has been a big challenge in recent decades. With the aim of reducing
it, the global demand for clean energy is growing, resulting in an increasing search for ways
to replace fossil fuels with less polluting and more environmentally friendly fuels. This
transformation into cleaner fuels is crucial for achieving the commitments made in the Paris
Agreement and the Glasgow Climate Pact [1], where it was decided to reduce emissions
50% by 2030 and to reach net zero by mid-century. In addition to this, the Lithuanian energy
independence strategy envisages that the transport sector must reach 15% of consumed
energy being from renewable sources by 2030 [2].

One of the main reasons for greenhouse gas emissions is the use of mineral diesel in
transport engines, which not only pollutes the environment, but is also produced from a
non-renewable resource. One of the alternatives to mineral diesel is the production and use
of biofuels made from renewable energy sources. Sustainable biofuel production is crucial
in the context of the Green Course in Europe. Biodiesel, which can be used in a mixture
with mineral diesel, is one type of biofuel.

Biomass that can be used for biodiesel production absorbs CO; from the atmosphere
through photosynthesis. Biodiesel is biodegradable, which is a positive property for
the environment [3]. Biodiesel or its mixtures with mineral diesel in vehicles reduces
CO, SO,, particulate matter and unburnt hydrocarbon emissions when compared to
mineral diesel [4].

Biodiesel can be obtained both in homogeneous and heterogeneous ways. Usually,
chemical catalysts are used in homogeneous synthesis, which has good catalytic activity.
However, there are some disadvantages, including the inevitable production of wastewater
during the washing process, which cannot be reused, and, when using homogeneous
catalysts, a one-step process is usually not sufficient to obtain biodiesel of high quality [5-7].
In this context, heterogeneous catalysis has the advantage of using biocatalysts and chemical
catalysts [8-10], allowing a one-step process that can be used more than once [11,12].

CaO is the heterogeneous catalyst that has been most widely studied for biodiesel
production. It has many advantages, including high activity, low solubility in methanol,
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and the possibilities of regeneration and reuse. The reaction of transesterification catalyzed
by CaO take place under moderate conditions [13,14]. Natural sources rich in calcium
carbonate can be used as cheap raw material for catalyst preparation through the conversion
of calcium carbonate to oxide [15]. Various shells rich in CaCOj are contained in waste
derived from the food industry. Oyster shells [16], egg shells, crab shells [17], mussel
shells [18], clam shells [19], shrimp shells [20], and crab shells [21] have been used as
heterogeneous catalysts for biodiesel production.

Snails belong to the class Gastropoda and the Phylum Mollusca. The edible snail
global market is worth EUR 1 billion, corresponding to 300,000 tonnes, per year. Annually,
100,000 tonnes of edible snails are consumed in Europe [22]. After snails are consumed,
snail shells remain as waste. They are rich in CaCO3 which can be converted into CaO and
used for the heterogeneous transesterification reaction from which biodiesel is obtained.

This study aimed to investigate the catalytic activity of snail shells in the transesterifi-
cation of rapeseed oil with methanol and to optimize the process conditions.

2. Materials and Methods
2.1. Determination of CaO in Snail Shells

Snail shells were decomposed using royal water. After snail shell decomposition, the
water, ammonia buffer solution and the dark blue chromogen indicator were added, and
trilon B (EDTA) was used for titration [23]. Equation (1) was used for the calculation of the

CaO content:
_ Vi x K x0.0014 x 250

a0 m x 25

x 100% 1)

where:
Vi1—volume of trilon B used for Ca titration, mL;
m—mass of the snail shell sample, g;
K—trilon B correction factor.

2.2. Snail Shell Preparation

Snail shells from a member of the Helicidae family of Helix Aspersa Maxima were
used. Catalyst preparation is a very important step to perform before using it for the
transesterification reaction. Snail shells were sieved, and a fraction of 0.315-0.1 mm was
obtained [23]. Calcination was performed under the same conditions as described by
Gaide et al., who determined 5 h at a temperature of 850 °C to be optimum for dolomite
preparation [23]. Laskar et al. investigated snail shell preparation for transesterification
reaction and determined that a temperature of at least 800 °C was needed to reach the best
catalytic activity (>85%) [24]. Kaewdaeng et al. [25] calcined snail shells at 800 °C, the same
as Laskar et al. [24]. Other researchers crushed snail shells calcinated for 3.5 h at 900 °C [26].
Trisupakitti et al. investigated a few methods for snail shell preparation and determined
that 1 h at 1050 °C was enough [27].

2.3. Transesterification of Rapeseed Oil

Rapeseed oil was purchased in a local supermarket, and met the national requirements
for edible oil. Transesterification reactions were conducted using a laboratory reactor
containing a reflux condenser, a thermometer heating device, a temperature controller,
and stirrers. Twenty grams of rapeseed oil was placed in a reactor and heated. When the
required temperature was reached, the determined amount of catalyst was charged to the
reactor, and alcohol was added. The process was carried out at the intended temperature for
a set time. At the end of the reaction, the mixture was filtered, and the glycerol phase was
removed by using a separation funnel. Rapeseed oil methyl esters were washed with 10%
by volume of H3PO4 (5%) solution, and twice with 10% distilled water, with evaporation
of the residual water at 110 °C.
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2.4. Ester Yield Evaluation Using Gas Chromatography

The glyceride contents (glycerol, monoglycerides, diglycerides, triglycerides) were
investigated and used to determine ester yield in the samples. The contents of glycerides
were determined by gas chromatography and a Perkin Elmer Clarus 500 (detector—FID)
(Boston, MA, USA) gas chromatographer was used according to the requirements of the
EN 14105 standard. First, 100 mg of test sample was dissolved in 200 uL of pyridine. Then
80 puL of 1,2,4-butantriol and 200 pL of standard glyceride stock solution containing
monononadecanoate, dinonadecanoate, trinonadecanoate and 200 uL. of MSTFA were
added to the sample solution. The mixture was shaken for about 30 s, and after 25 min,
8 mL of heptane was added. The received mixture was analyzed using gas chromatog-
raphy. Analysis was performed under programmed temperature conditions: the initial
temperature of 50 °C was maintained for 1 min; then, the temperature was increased at a
rate of 15 °C/min to 180 °C, then at a rate of 7 °C/min to 230 °C, and further at a rate of
10 °C/min to 370 °C. After a temperature of 370 °C was reached, it was maintained for
7 min. The injector temperature was greater than oven temperature by 5 °C (detector
temperature was constant at 380 °C), the injection volume of the sample was 1 pL, and
hydrogen gas was used as carrier gas (at constant pressure—80 kPa).

The ester yield was calculated according to the glyceride levels using Equation (2) [28]:

@

0.2411-MG + 0.1426-DG + 0.1012-TG
EY—100~<1— v )

where:
EY—ester yield, %;
MG, DG, and TG—the concentrations of monoglyceride, diglyceride, and triglycerides,
respectively, %;
0.2411, 0.1426, and 0.1012—the respective conversion indicators for the glycerides;
10.441—the amount of glycerol obtained from 1 kg of rapeseed oil.

2.5. Analysis of Response Surface

In order to set the experimental plan and analyze results, the response surface method-
ology (RSM) was used.

Process optimization was performed depending on three variables: the amount of
methanol, the snail shell content, and the process duration. The response surface methodol-
ogy was used to optimize the process based on actual experiments. A laboratory reactor
was used to carry out the transesterification reaction under different conditions. The pa-
rameters mentioned above were varied as follows: methanol-to-oil molar ratio (mol:mol)
(from 4 to 12), catalyst amount (from 2 to 8 wt%), and reaction duration (from 2 to 8 h). The
performance of twenty assays concluded the experimental plan.

RSM was used for the creation of a mathematical model. For the determination of the
interaction between the transesterification reaction parameters and the biodiesel yield, a
quadratic reaction surface model was used.

Three parameters were involved in this study; therefore, Equation (3) can be used to
show the mathematical relationship between the factors and the response:

3 3 2 3
Y=po+ Y BiXi+ Y BuX?+ Y. Y BiXiX; ®)
i=1 i=1

i=1 j=i+1

where:
y—predicted response;
Bo—the offset term;
Bi—the linear coefficients;
Bii and p;;—the interaction coefficients;
x; and x;—the independent variables [29].
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The final model was applied, and the results of the performed experiments were
analyzed. The selected model gave the values of variables on which maximum ester yield
can be determined.

3. Results
3.1. CaO Content in Snail Shells

CaO is known to be a good heterogeneous catalyst for oil transesterification [13-15].
The process of the transesterification reaction using calcium oxide as a heterogeneous base
catalyst consists of two stages. In the first stage, reactants are adsorbed on the surface of
the catalyst, and the reaction takes place; in the second stage, the reaction products are
desorbed from the surface of the catalyst. During the transesterification process, methanol
protons are transformed by the base site of CaO surface with the formation of methoxide
anion, which reacts with the carbonyl group of triglycerides to form one molecule of fatty
acid alkyl esters and an intermediate compound—diglyceride. In the next stage, the anion
reacts with the diglyceride molecule, forming ester and monoglyceride molecules, and in
the third stage, the monoglyceride molecule reacts in the same way, forming the third ester
molecule and glycerol.

It was determined that the calcinated snail shells used for biodiesel synthesis contained
91.69 + 0.43% of CaO, meaning that the content of Ca was 65.49%. Other researchers have
investigated calcium content in snail shells, and determined results differing from ours:
Birla et al. [26] obtained 98.35 wt% of calcium in the form of oxide in calcinated snail shells;
Laskar et al. [24], 98.017 wt% of CaO; Kaewdaeng et al. [25], 70.113 wt% of CaO; Roschat
et al. [30] 98.5% Ca. Parveen et al. [31] investigated the properties of three freshwater snail
shells, namely, Pila globosa, Bellamya bengalensis and Brotia costul, and determined that
the amount of CaCOj ranged between 87 and 96% of the total weight.

3.2. Optimal Reaction Condition Modeling and Determination Using Response
Surface Methodology

The experimental design was planned using ANOVA. The predicted ester yield re-
sponses and experimental values are shown in Table 1. The highest methyl ester yield
obtained was 99.10 wt%, using a methanol-to-oil molar ratio of 12:1, a catalyst content of
8 wt%, and a reaction duration of 8 h. However, a similar methyl ester yield (98.1 wt%) was
determined when the alcohol-to-oil molar ratio was 8:1, the catalyst content was 5 wt% and
the reaction duration was 9.2 h.

Table 1. Central composite design matrix and observed and modeled results.

No A: Methanol-to-Oil Molar B: Catalyst C: Reaction Predicted Methyl = Experimental Methyl Ester
Ratio, mol/mol Amount, wt% Duration, h Ester Yield, wt% Yield, wt%
1 4.00 2.00 2.00 29.54 25.00£ 0.71
2 12.00 2.00 2.00 3.39 8.12 £0.25
3 4.00 8.00 2.00 21.40 23.12 £ 0.69
4 12.00 8.00 2.00 14.45 15.50 + 0.34
5 4.00 2.00 8.00 74.81 79.15 £ 0.69
6 12.00 2.00 8.00 58.86 62.26 +0.98
7 4.00 8.00 8.00 86.57 86.70 & 0.67
8 12.00 8.00 8.00 89.82 99.10 + 0.64
9 2.40 5.00 5.00 66.65 67.60 + 0.46
10 13.60 5.00 5.00 50.62 40.36 4 0.56
11 8.00 0.80 5.00 31.35 28.87 £0.36
12 8.00 9.20 5.00 47.33 41.62 + 0.69
13 8.00 5.00 0.80 23.66 24.34 £ 0.65
14 8.00 5.00 9.20 99.12 98.10 + 0.84
15 8.00 5.00 5.00 68.32 69.45 +0.75
16 8.00 5.00 5.00 68.32 72.47 £ 0.69
17 8.00 5.00 5.00 68.32 71.56 £ 0.67
18 8.00 5.00 5.00 68.32 68.14 = 0.34
19 8.00 5.00 5.00 68.32 67.47 £0.77
20 8.00 5.00 5.00 68.32 70.36 + 0.63




Processes 2023, 11, 260 50f 13

The F value of the quadratic model is 55.67 and the p value < 0.0001. These values
show that the model is statistically significant (Table 2). Values < 0.0500 were considered
significant; insignificant (>0.0500) elements were removed. Equation (4) describes the ester
yield after it was modified and only significant components were left:

EY =67.74 — 548A + 5.60B + 29.82C + 4.29AB + 4.46BC — 4.57A2 — 15.18B2  (4)

where:
EY—the ester yield (%);
A—the methanol-to-oil molar ratio;
B—the catalyst (snail shells) amount (wt%);
C—the process duration (h).

Table 2. Analysis of variance of quadratic model.

Sum of

Source S Df Mean Square F Value p-Value Prob > F
quares
Model 13,981.41 9 1553.49 55.67 <0.0001 Significant
A—Methanol-to-oil molar ratio 358.16 1 358.16 12.84 0.0050
B—Temperature 373.23 1 373.23 13.38 0.0044
C—Catalyst 10,598.79 1 10,598.79 379.84 <0.0001
AB 147.06 1 147.06 5.27 0.0446
AC 33.21 1 33.21 1.19 0.3009
BC 159.31 1 159.31 5.71 0.0380
A2 161.40 1 161.40 5.78 0.0370
B2 1890.44 1 1890.44 67.75 <0.0001
C2 32.22 1 32.22 1.15 0.3078
Residual 279.04 10 27.90
Lack of Fit 263.04 5 52.61 16.44 0.0040 Not significant
Pure Error 16.00 5 3.20
Cor Total 14,260.44 19 1553.49

The “Pred R-Squared” of 0.8555 is in agreement with the “Adj R-Squared” of 0.9628.
“Adeq Precision” measures the signal-to-noise ratio. A ratio greater than four is desirable.
In our case, the ratio is 27.308 is almost seven times higher than the desirable value, which
indicates an adequate signal (Table 3).

Table 3. Statistical parameters determined using ANOVA.

Variable Value Variable Value
Std. Dev. 528 R-Squared 0.9804
Mean 55.97 Adj R-Squared 0.9628
CV. % 9.44 Pred R-Squared 0.8555
PRESS 2061.16 Adeq Precision 27.308

Figure 1 presents a graph comparing the experimental and predicted values of ester
yield (wt%). It can be seen that the differences were not significant.

3.3. Effect of the Interaction of Independent Variables on the Effectiveness of Transesterification
3.3.1. The Effect of Methanol-to-Oil Molar Ratio and Amount of Catalyst on
FAME Conversion

Figure 2 demonstrates the catalyst content and the impact of the methanol-to-oil molar
ratio on the ester yield with a reaction duration of 8 h. A higher catalyst content had a
positive effect on ester yield; however, when the catalyst content reached around 6 wt%,
the ester yield started decreasing. A higher methanol-to-oil molar ratio also had a positive
impact on the ester yield until a certain point. A methanol-to-oil molar ratio greater than
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around 8:1 was not found to be desirable for achieving higher ester yield in the present study.
Birla et al. [26] obtained similar results when waste frying oil and calcinated snail shells
were used as catalysts. When increasing the methanol-to-oil molar ratio, oil conversion
increased until a certain point—the highest conversion (95%) was reached at 6.03:1—while
when adding a methanol-to-oil molar ratio of 9.65:1, oil conversion was 86.02%. A similar
tendency was observed with increasing amount of catalyst: oil conversion increased until
2 wt% catalyst, and after this point, conversion started to decrease [26]. Rochat et al. [30]
investigated the process of palm oil transesterification with methanol using heterogeneous
catalyst derived from river snail shells and obtained a FAME yield of 98.5% + 1.5 under
an optimal catalyst-to-oil ratio of 5 wt%, an optimal methanol-to-oil molar ratio of 12:1, a
reaction temperature of 65 °C, and a reaction time of 90 min. Tendencies were observed
whereby when increasing the methanol-to-oil molar ratio from 9:1 to 12:1, the biodiesel
yield increased, but when increasing the molar ratio to 15:1, the ester yield did not change.
Furthermore, when a methanol-to-oil molar ratio of 18:1 was reached, the ester yield started
to decrease. It is believed that this may be due to glycerol being soluble in methanol and
inhibiting the mixing of methanol with oil and heterogeneous catalyst [30].

100.0 —

80.0 —

60.0 —

30.0 —

Predicted ester yield, wt%

0.0 —

T T T T T
0.0 30.0 -60.0 80.0 100.0

Experimental ester yield, wt%

Figure 1. Experimental and predicted values of ester yield (wt%).

N
AR RN RN R Ry, N
AR VRN AR
AALVRRVRRRRRIR
R
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Ester yield, wt%

> P~ — -
350 T 600

Catalyst, wt% 2674 pMethanol-to-oil molar ratio

Figure 2. Response surface contour plot for the interaction between the catalyst content and the
methanol-to-oil molar ratio with a process duration of 8 h and at a temperature of 64 °C.
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When using palm oil for biodiesel synthesis, the optimum amount of catalyst (snail
shells) was determined to be 10 wt%, with a methanol-to-oil molar ratio of 12:1 [32]. Under
these conditions, a 93.2 wt% ester yield was obtained. These results show that more catalyst
and methanol are needed to achieve an ester yield (93.2 wt%) that is even lower that that
obtained in our study. However, there is a study in which 3 wt% catalyst and a methanol-
to-oil molar ratio of 6:1 was enough to reach an ester yield of 98 wt% [24]. These differences
can be explained by the fact that different oils were used, and the reaction durations
were different.

Similar tendencies were observed by other researchers, who investigated the oil
transesterification process with methanol and heterogeneous catalyst with a high content
of CaO. The researchers analyzed the transesterification of different oils (rapeseed, soy-
bean, sunflower) with methanol using eggshells as a catalyst and determined that a high
methanol-to-oil molar ratio is not desirable for obtaining high ester yield, as it is believed
that a high alcohol-to-oil molar ratio increases reversible reaction [33-35].

3.3.2. Effect of Process Duration and Methanol Content on FAME Conversion

The methanol-to-oil molar ratio and the process duration have a great influence on the
methyl ester yield (the snail shells amount is 5 wt%), as shown in Figure 3. As mentioned
previously, higher methanol-to-oil molar ratios have a positive effect until around 8:1,
whereas longer process times lead to higher methyl ester yields. When the process duration
was 6 h, and the methanol-to-oil molar ratio was 6:1, an ester yield of around 80 wt% was
achieved, while after 8 h, the yield increased to more than 92 wt%. Birla and colleagues [26]
determined the optimal process duration for waste frying oil transesterification to be 8 h,
with a methanol-to-oil molar ratio of 6.03:1; under these conditions, a methyl ester yield of
87.28 wt% was obtained.

~ 3
easasannaae
TR

T

S
e
o

~

Ester yield, wt%

Duration, h 200749 Methanol-to-oil molar ratio

Figure 3. Response surface contour plot for the interaction between the methanol-to-oil molar ratio
and the process duration at a temperature of 64 °C with a catalyst content of 5 wt%.

Other researchers have obtained similar results: a soybeen oil methyl ester yield of
98 wt% was achieved with a methanol-to-oil molar ratio of 6:1 and a reaction duration of
7 h [24]. Viriya-empikul et al. [32] and Trisupakitti et al. [27] analyzed palm oil transes-
terification using methanol and snail shells, whereby the optimal amount of alcohol was
determined to be 12:1; however, the reaction durations were very different. Viriya-empikul
et al. [32] obtained an ester yield of 93.2 wt% after 2 h, while Trisupakitti et al. [27] obtained
similar results (92.5 wt%) after 6 h (catalyst amount 0.8 wt%).

When using different heterogeneous catalysts (dolomite, eggshells, oyster shells) in oil
transesterification reactions with methanol, there are tendencies showing that ester yield
increases with increasing process duration. It is possible to obtain a similar ester yield
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using less alcohol when the reaction takes longer, or with a higher alcohol amount and a
shorter duration [23,30,36].

3.3.3. Effect of Process Duration and Heterogeneous Catalyst Amount on
FAME Conversion

Figure 4 shows the influence of the catalyst content and the process duration on the
yield of rapeseed o0il methyl ester when the methanol-to-oil molar ratio is 8:1.

Esteryield, wt%

Duration, h Catalyst, wt%

200 200

Figure 4. Response surface contour plot for the interaction between the processing time and the
catalyst at 64 °C with a methanol-to-oil molar ratio of 8:1.

Longer process times and higher snail shell contents had a positive effect on methyl
ester yield; however, when the catalyst amount exceeded around 6 wt%, the ester yield
started to decrease. With a process duration of 8 h and a catalyst amount of 3.5 wt%, an
ester yield of around 85 wt% was obtained, while when the catalyst amount was increased
to 6 wt%, the yield increased to more than 92 wt%. Results obtained by other researchers are
very different. Viriya-empikul and colleagues (2012) determined that the optimum catalyst
amount was 10 wt%, with a very short optimum duration of 2 h [32]. Other researchers
have obtained optimum catalyst amounts of 2-3 wt%, with the process duration varying
between 1 and 8 h [24-26]. Trisupakitti and colleagues achieved an ester yield of 92.5 wt%
with a reaction duration of 6 h and a snail shell amount of 0.8 wt% [27].

Gaide et al. (2021) investigated oil transesterification using calcinated dolomite and
obtained results showing that longer process durations and higher catalyst content lead to
a higher methyl ester yield. An ester yield of less than 62 wt% was obtained after 2 h with
6 wt% of catalyst, while after 5 h, ester yield increased to more than 96 wt% [23]. Kumar
etal. [36] and Gaide et al. [33] investigated biodiesel production by means of transesteri-
fication with methanol, using calcinated eggshells as catalyst, and noticed that increased
process duration and catalyst amount had positive effects on ester yield. Nakatani and
colleagues [37] investigated soybean oil transesterification using methanol and calcinated
oyster shells, and identified a positive effect of reaction duration and catalyst amount on
FAME content. The optimal reaction conditions of catalyst concentration and reaction time
were determined to be 25 wt% and 5 h, respectively. Under the optimal conditions obtained,
the biodiesel yield, relative to the amount of soybean oil, was 73.8%, with high biodiesel
purity (98.4 wt%) [37].

3.4. Optimization of the Fatty Acid Methyl Ester Synthesis Process

In this research, three independent variables that influence the synthesis of rapeseed
oil methyl esters were investigated. Aiming to determine the optimum conditions for
biodiesel production, an optimization step was performed. The predicted and experimental
ester yields are presented in Table 4. The optimal conditions at a process temperature of
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64 °C are as follows: snail shell concentration, 6.06 wt%; methanol-to-oil molar ratio, 7.51:1;
and reaction duration, 8 h.

Table 4. Optimum parameters for rapeseed oil methyl ester production, and predicted and experi-
mental ester yield.

Methanol-to-Oil

Concentration, wt%  Reaction Duration, h  Predicted Ester Yield, wt%

Snail Shells Experimental Ester

Molar Ratio, mol/mol (From Oil Mass) Yield, wt%
7.51:1 6.06 8 98.87 98.15 £0.35
The results of other studies in which methanol and snail shells have been used as a
heterogeneous catalyst are presented in Table 5. The results show ester yields ranging from
87.28 to 98 wt%.
Table 5. Comparison of optimal conditions for fatty acid methyl ester production using snail shells
as a heterogeneous catalyst.
Oil Temperature, °C Sr::lll::l;tl Is leli::it(i;r’lh ME:II;?:I'OII{:t)i(S ! Ester Yield, wt%  Reference
mol/mol
Waste frying oil 60 2 wit% 8 6.03:1 87.28 [26]
Palm olein oil 60 10 wt% 2 12:1 93.2 [31]
Used cooking oil 65 3 wt% 1 9:1 92.5 [25]
Palm oil 65 0.8 wt% 6 12:1 92.5 [27]
Soybean oil 28 3 wt% 7 6:1 98 [24]

Other researchers have investigated the possibility of using calcinated snail shells
for biodiesel synthesis when using methanol. Different results have been obtained, with
ester yields varying from 87.28 wt% to 98 wt%. Some studies have been conducted using
an optimal temperature of 60 °C [26,31]. In our study, a temperature of 64 °C was used,
which is close to methanol’s boiling point. Some other transesterification reactions have
been investigated at a similar temperature, 65 °C [25,27]. Only Laskar et al. was able to
obtain an ester yield of 98 w% using a temperature of 28 °C (7 h, 6:1, 3 wt%) [24]. Birla
et al. [26] used waste frying oil for biodiesel production and obtained an ester yield of
87.28 wt% under the following conditions: process temperature, 60 °C; catalyst amount,
2 wt%; process duration, 8 h; methanol-to-oil molar ratio, 6.03:1. Kaewdaeng et al. [25]
performed transesterification using cooking oil with a process temperature of 65 °C, a
catalyst amount of 3 wt%, a process duration of 1 h, and a methanol-to-oil molar ratio of
9:1, was achieving an ester yield of 92.5 wt%. Using palm oil, Viriya-empikul et al. [31]
obtained a 93.2 wt% ester yield (2 h, 12:1, 10 wt%), while a similar ester yield of 93.2 wt%
(6 h, 12:1, 0.8 wt%) was obtained by Trisupakitti et al. [27].

3.5. Physical and Chemical Properties of the Obtained Fatty Acid Methyl Esters

In order to use the transesterification product in the transport sector, the physical
and chemical properties of the obtained rapeseed oil methyl esters have to meet the
requirements of the international standard for biodiesel fuel. The results of the quality
analysis are presented in Table 6.
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Table 6. The physical and chemical properties of rapeseed oil methyl esters.

Parameter Units Requirements of Standard EN 14214  Rapeseed Oil Methyl Esters
Ester content Y% min 96.5 98.15 £ 0.35
. o 3 min 860
Density at 15 °C kgm max 900 883 £2.50
Viscosity at 40 °C mm2s~1 min 3.50 478 +0.02
max 5.00
Acid value mg KOHg ™! max 0.5 0.25 £ 0.01
Sulfur content mgkg ™! max 10 7.34+0.21
Moisture content mgkg ! max 500 305 4+ 2.10
Iodine value gJp100 1g™! max 120 114 £ 0.15
Linolenic acid methyl esters o max 12.0 95+ 0.10
content
Monoglyceride content Y% max 0.8 0.51 +0.09
Diglyceride content % max 0.2 0.10 £ 0.02
Triglyceride content % max 0.2 0.05 +0.01
Free glycerol content Y% max 0.2 0.02+0
Total glycerol content % max 0.25 0.21 £0.11
Methanol content Y% max 0.2 0.05 +0.01
Phosphorus content, ppm 10 7.1+ 0.09
Metals II (Ca/Mg) mg kg_1 max 5 4+0.12
Oxidation stability 110 °C H min 8 83+0.1
Cetane number - min 51 53.8 £0.15

Cold filter plugging point

—5 °C (in summer)

—32 °C (in winter) —9.5+0.06

°C

An important indicator of biodiesel quality is the ester content, i.e., how many esters
were formed from triglycerides. According to the requirements of the standard EN 14214,
the fatty acid methyl ester content must be at least 96.5%. It was determined that the ester
content of the produced biodiesel was 98.15 £ 0.35 wt%, which is higher than the minimum
value indicated in the standard.

The amounts of monoglycerides, diglycerides and triglycerides, and free and total
glycerol in biofuels depend on both the production and product purification processes.
According to the requirements of the standard, the amounts of monoglycerides, diglycerides
and triglycerides, and free and total glycerol in the product cannot exceed 0.8%, 0.2%, 0.2%,
0.2% and 0.25%, respectively. These indicators in the obtained fatty acids methyl esters met
the requirements of the standard.

The purity of the biodiesel and the composition of fatty acids in the raw material have
an influence on the product density. The density of the triglycerides is reduced with their
transesterification; however, the density of the obtained product was higher than that of
mineral diesel. This higher fuel density leads to higher fuel consumption and a lower
calorific value. The density of the produced biofuel was 883 + 2.50 kg m 3, which meets
the requirements of the standard.

The content of free fatty acids in biodiesel depends on the acidity of the oil used to
produce the fatty acid methyl esters and the applied production process, as free fatty acids
are formed during production and storage. The standard establishes that the number
of acids must not exceed 0.5 mg KOHg !, and the acidity of the obtained and analyzed
biofuels was 0.25 + 0.01 mg KOHg L.

According the EN 14214 standard, the moisture content in biodiesel must not exceed
more than 500 mg kg~!. Water can appear during the production process, so it must be
removed by drying the biodiesel. In addition, biofuels must be stored in closed containers,
as they are hygroscopic and can absorb moisture during storage. The moisture content of
the obtained methyl esters reached 305 + 2.10 mg kg~ !.

The amount of sulfur in the fuel has a negative effect on engines, the environment,
and living organisms. The sulfur content in biodiesel must not exceed 10 mg kg~'. The
sulfur content in the obtained biodiesel was 7.3 + 0.21 mg kg~ !.
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In the product, the methanol content must not exceed 0.2% (from mass). The amount
of methanol is limited, because excess methanol is used for the transesterification of
triglycerides. Therefore, the unreacted alcohol must be removed. The amount of methanol
produced in biodiesel is only 0.05 &+ 0.01%.

The amount of linolenic acid esters and the iodine number do not depend on the
biodiesel production process or its purification. These indicators depend on the fatty acid
composition of the oil used. The maximum content of linolenic acid methyl ester must be
12%; in the obtained biofuel it was 9.5 & 0.10%. The iodine number cannot exceed 120 g
]2100—1g_1, and itwas 114 £0.15¢g ]2100_1g_1 in the obtained biodiesel.

Since calcium is the main element of the snail shells used for the transesterification
reaction, the content of metals II (Ca/Mg) in the biodiesel must be investigated, with these
being limited by the standard to 5 mg kg~'; a value of 4 + 0.12 mg kg~! was obtained in
the produced fuel.

Storing biofuels can increase their acidity and reduce their oxidation resistance, i.e.,
during oxidation processes, fuel stability decreases, which is important in order to store
fuels. The esters obtained in this research meet the requirements of the standard (i.e., a
minimum resistance of 8 h); their resistance to oxidation was 8.3 4+ 0.12 h.

Since fuel is used both in summer and winter, low-temperature properties are very
important. Depending on the climatic conditions, there are different requirements for the
limits of CFPP value. During the summer in Lithuania, the CFPP of fuel must not be higher
than minus 5 °C (class C in the moderate climate zone). The CFPP of the obtained biodiesel
was minus 9 £ 0.06 °C.

The fatty acid methyl esters obtained in biodiesel synthesis using rapeseed oil, methanol
and snail shells as catalysts were able to meet the requirements of standard EN 14214
for biodiesel.

4. Conclusions

The snail shells selected for heterogeneous biodiesel synthesis contained 91.69 £ 0.43%
CaO. Catalyst preparation is a very important step prior to use for the transesterification re-
action. A fraction size of 0.315-0.1 mm was obtained and calcinated for 5 h at a temperature
of 850 °C.

Three independent parameters (the methanol-to-oil molar ratio, the snail shell content,
and the duration of the reaction) were selected to determine their influence on the efficiency
of the transesterification process. It was determined that a larger catalyst amount and a
larger methanol-to-oil molar ratio led to a higher ester yield. However, when it reaches a
certain point (around 6 wt% of snail shell content and around 8:1 methanol-to-oil molar
ratio), the yield of rapeseed oil methyl ester starts to decrease. Longer process duration
has a positive effect on the ester yield. Response surface analysis was applied to optimize
the rapeseed oil transesterification process with methanol when snail shells are used as
a heterogeneous catalyst. The following optimal conditions for rapeseed oil methyl ester
synthesis were determined: a methanol-to-oil molar ratio of 7.51:1, a snail shell content
of 6.06 wt%, and a reaction time of 8 h at a temperature of 64 °C. Under the determined
optimal conditions, rapeseed oil methyl ester yield reached 98.15 wt%. The analysis of the
physical and chemical properties of the produced rapeseed oil methyl ester proved that
physical and chemical properties of the biodiesel were able to meet the requirements of the
EN 14214 standard, and the obtained product was suitable for use in diesel engines during
the summer period.
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1 | INTRODUCTION

| Souad Benammar!* | Adhya-Eddine Hamitouche® |
| Amel Boudjemaa?

Abstract

A promising sustainable biofuel was successfully produced from waste frying oils
using a calcium oxide (CaO) catalyst derived from Mourgueta snail shell waste, repre-
senting a renewable and low-cost resource. The transesterification reaction was con-
ducted at room temperature by varying the methanol to oil molar ratios (6.4:1, 7.7:1,
9:1, 10.25:1) and catalyst loading (0.5-3 wt%). Additionally, the effect of calcination
temperature on catalytic activity was investigated at 700°C, 800°C, and 900°C.
Under optimal conditions, specifically, 1.5 wt% catalyst calcined at 900°C with a
methanol to oil molar ratio of 9:1, the high conversion efficiency of 99.8% was
achieved. This reactivity highlights the effectiveness of the biogenic CaO as a solid
base catalyst for biodiesel production. The fatty acid methyl ester (FAME) content of
the biodiesel product was confirmed by FTIR, *H-NMR, ¥C-NMR, and GC-MS ana-
lyses. The identified methyl esters included key components such as methyl linolelai-
date, methyl palmitate, methyl oleate, and methyl stearate, indicating a high-quality
biodiesel composition. These results demonstrate the viability of converting agro-
waste into efficient heterogeneous catalysts, contributing to green chemistry, waste

valorization, and the advancement of sustainable biofuel technologies.

KEYWORDS
13C-NMR, H-NMR, biodiesel, frying oil, GC-MS, heterogeneous catalysis, mourgueta snail
shells

Across the world, biodiesel is prepared from many sources of
comestible oil such as soybean, safflower, sunflower, rapeseed,

The search for other energy resources to complement or substitute
fossil fuels has been increasing in the current years because of the
increase in environmental worries, energy safety, and rapid depletion
of fossil resources.~® In this respect, biodiesel is an emerging alterna-
tive to diesel fuel derived from renewable and locally available
resources,” it has become more attractive due to its characteristics of
being bio-degradable, renewable, and non-toxic.”

Actually, biodiesel is technologically formed by the transesterifi-
cation of triglycerides in methanol or ethanol, frequently methanol
because it is inexpensive and its encouraging physical and chemical

characteristics (polar and short chain alcohol).®

palm, canola etc.?2 Usage of very good quality vegetable oil, as raw
material, upsurges biodiesel manufacture cost. Raw material
donates about 75-85% of the aggregate biodiesel manufacture
cost.” A practice method to decrease the cost of biodiesel manu-
facture is to use cheap vegetable 0il® such as waste frying oil as
feedstock.”1° The excessive consumption of frying in the world
has generated a large volume of waste frying oil. Application of
waste frying oil into production of biodiesel also minimizes the
environmental impacts produced by the discarding of these waste
oils. The catalyst can be supplied for the reaction in either a homo-

geneous or heterogeneous phase.'!
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The transesterification reaction uses acid or basic catalysts
(homogeneous catalysis) for the production of biodiesel given a very
significant conversion rate of biodiesel even at moderate temperature,
atmospheric pressure, and with a very short reaction time. These
homogeneous catalysts dissolve entirely in the glycerine film and
partly in the biodiesel, which makes the separation and washing of the
biodiesel difficult.'? In addition, homogeneous catalysts like the exam-
ple of sodium hydroxide and potassium hydroxide are dangerous, cor-
rosive, and hygroscopic.'® In order to find solutions to the problems
of homogeneous catalysts, research has been oriented towards het-
erogeneous catalysis. Heterogeneous catalysts minimize the problems
of homogeneous catalysis in terms of catalyst regeneration and the
possibility of being reused in continuous processes. It is reported in
the literature that the economic potential of the heterogeneous cata-
lytic process is better than that of the homogeneous one, for example.
The heterogeneous catalysts acquire 4-20% lower refining costs than
the homogeneous catalysts.'* Therefore, many heterogeneous cata-
lysts suitable for biodiesel production from various oils have been
developed and evaluated in biodiesel production processes. Calcium
oxide (CaO) is one of the widely used catalysts due to its abundant

tlS,

availability in nature, its high activity, and low cost™’; it is non-

corrosive and non-hazardous to the environment.*1”

Many research articles have reported the study of natural materials
from renewable sources such as biomass or waste, such as egg shells, 1817
river snail shells,2® mollusk shells,>* and mussel shell,>? sea shells,?® as
starting materials for CaO preparation via calcination process. These
materials are green heterogeneous catalysts used in sustainable biodiesel
production, the degradation reagent, and lubricant production.24-2”

Snail shell-derived calcium oxide (CaO) catalyst presents several
notable advantages that make it highly attractive for sustainable bio-
diesel production. So, it is a low-cost, eco-friendly catalyst ideal for
sustainable biodiesel production. Sourced from biowaste, it offers high
catalytic efficiency due to its strong basicity and enables high-yield
transesterification under mild conditions. Unlike homogeneous cata-
lysts, it is non-toxic, easily recoverable, and reusable with minimal
activity loss. These features make it a promising green alternative for
efficient, low-impact biofuel synthesis.?®

Despite their advantages, snail shell-derived CaO catalysts face
several limitations. Ca®* ion leaching—especially in the presence of
methanol or moisture—can reduce fuel purity and complicate product
separation. Additionally, exposure to air and water leads to catalyst
deactivation through carbonation (forming CaCO3) and hydration
(forming Ca(OH),), reducing catalytic efficiency over time.2?° High
free fatty acid content in feedstock also promotes soap formation via
saponification, further hindering biodiesel separation. Addressing
these challenges requires careful feedstock pretreatment, optimized
reaction conditions, and potential surface modifications to improve
catalyst stability and reusability.®!

To enhance the stability and longevity of snail shell-derived CaO
catalysts in biodiesel production, several strategies can be employed.
Catalyst surface modification or doping with metal oxides such as
Al,O3, ZnO, MgO, Fe30,4 or SiO, can significantly improve structural
stability and reduce ion leaching®?~3* Supporting CaO on inert or

mesoporous materials like silica, activated carbon, zeolites, or biochar
enhances dispersion and minimizes direct contact with methanol,
thereby increasing thermal and chemical resistance. Proper pre-
treatment through high-temperature calcination (e.g., 900°C) ensures
complete transformation into reactive CaO and eliminates residual
carbonates®®; post-calcination, catalysts should be stored in dry, air-
tight conditions to prevent hydration or carbonation. Maintaining a
controlled reaction environment is also essential; using anhydrous
methanol and pretreated oils with low free fatty acid content helps
avoid hydration and saponification. Encapsulating CaO particles with
protective layers, such as silica coatings, can further limit leaching by
regulating ion diffusion. Optimizing reaction parameters such as
avoiding excess methanol and using appropriate catalyst loading also
contributes to improved performance. Lastly, spent catalysts can be
regenerated by washing, drying, and re-calcining at high temperatures
to restore activity and reduce waste.

In this paper, the green heterogeneous based catalysts are
derived from snail shells waste “Mourgueta snail shells” to produce
the biodiesel from waste frying oil. The novelty of this study is in the
use of snail shell-derived catalysts for the transesterification of vege-
table oils into biodiesel. The ability of snail shells to act as an efficient
catalyst has not been thoroughly explored in the context of biodiesel
production. This novel catalyst not only provides a sustainable alter-
native but also shows superior reusability and effectiveness compared
to other commonly used catalysts, making it a promising solution for
large-scale biodiesel synthesis.

The major component inside the snail shells, calcium carbonate,
CaCO5; was converted to calcium oxide, CaO, under elevated calcina-
tion temperatures of 900°C. The CaO heterogeneous base catalysts
obtained were then used as catalysts in the biodiesel production. The
heterogeneous base catalyst was investigated, and the optimum con-
ditions of the transesterification process were identified. The percent-
age of conversion was 98%, much better compared to other studies
using CaO resulting from different catalysts, e.g.; waste mollusk

shell,?* egg shells,*¢ mussel shells.??

2 | MATERIALS AND METHODS

2.1 | Material elaboration

Waste frying oil was purchased from the local market in Batna,
Algeria. Physicochemical properties of frying oil are regrouped in
Table 1. Waste mourgueta snail shells were procured from a restau-
rant (Batna). Methanol of analytical reagent (Merck) grade was

acquired from Merck.

TABLE 1 Physicochemical properties of waste frying oil.
Properties Measured values
Density at 25°C (g/cm?®) 0.923
Kinematic viscosity at 25°C (mm?/s) 61.57
Acid value (mg of KOH/g of ail) 1.1

858017 SUOWLIOD A1) 8|qeo! dde aup Aq peuenob ae Sappiie YO ‘8Sn JO S9Nl 10j Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBIALI0O" A3 1M ALeIq | Ul [UO//:SdNL) SUORIPUOD pue Swie | 8y} 89S *[6Z0Z/0T/ZT] uo Ariqiauliuo A8|im ‘seAlln 11 |uesseqnyuind 0" L Aq ¥800. 'de/Z00T 0T/I0p/W00" A8 | 1M ARe.d 1 jpuljuo'ayoke//:sdny Wouy pepeojumod ‘0 ‘0Sy.yv6T



CHAIB ET AL

ENVIRONMENTAL PROGRESS 30f13

The material used in the present work is mourgueta snail shells
Eobaniavermiculta (MSS) or hedge snails, forest garden Cepaea Harten-
sis (Figure 1). These are edible molucca waste procured from restau-
rants. Brown or light pink color with saws no earthworm. The snail
shells were washed thoroughly in tap water to remove any unwanted
material adhered to their surfaces and then rinsed with distilled water.
Then the shells were dried under air for several days. After that, they
are crushed agate mortar (diameter around 45 pum). The obtained mate-
rial was calcined at 700°C (MSS1), 800°C (MSS2), 900°C (MSS3) in a
muffle furnace for 3 hours and under static air with a heating rate of
2.5°C/min.2¢~%? Finally, all calcined samples were stored in a desiccator.

2.2 | Characterization techniques

XRD, FTIR, XRF, TGA, CHNS analysis, and SEM analyses were per-
formed to evaluate the structure and morphology of the calcined snail
shells. Structural data were collected using powder X-ray diffraction
(XRD) with a Briker D8-Diffractometer using monochromate Cu-Ka
(A = 1.54056 A) radiation with 26 values ranging from 5 to 80° with a
scanning rate of 0.05° (26) steps. Fourier transform infrared (FTIR) spec-
tra were recorded on a Perkin-Elmer spectrometer (Spectrum one)
within the range of 4000-400 cm™1. X-ray fluorescence (XRF, M4
TORNADO S) was used to determine the chemical composition, while
elemental analysis of the samples was performed using an attached
X-ray microanalyzer. The thermal behavior and the stability of the cata-
lysts were evaluated through thermogravimetric analysis (TGA) was car-
ried out using SDT Q600 instrumentation. The typical organic elements,
including carbon, hydrogen, nitrogen, and sulfur, (CHNS analysis) were
identified through a 2400 Series || CHNS/O Elemental Analyzer. The
surface morphology of the catalysts was analyzed using a Thermo
Fisher APERO 2C scanning electron microscope (SEM).

23 |
reactions

Biodiesel synthesis via transesterification

Transesterification of frying oil was carried out by mixing an appropri-

ate amount (10 mL) of the waste frying oil with alcohol (methanol) in

o T N 0 %
-.'\4 \ o d

.

FIGURE 1 Mourgueta snail shells Eobania vermiculta.

& SUSTAINABLE ENERGY

the presence of an elaborated material. The reaction was conducted
in a 50 mL three-neck round-bottom batch reactor under magnetic
stirring. Reaction parameters such as the calcination temperature of
catalyst (T = 700, 800, 900°C), the molar ratios of methanol to oil
(6.4:1, 7.7:1, 9:1, 10.25:1), and the catalyst amount (0.5-3 wt%) were
investigated; all reactions were carried out at room temperature
(25°C) and atmospheric pressure (Schema 1). The yield of biodiesel

was calculated using the following equation.*®

Biodiesel yield (%) — <1 ~0.2411 MG+Oi104£212]'-I'G+0.1012 TG>

x 100 (1)

where MG, DG, and TG represent the concentrations of monoglycer-
ide, diglyceride, and triglycerides, respectively. 0.2411, 0.1426, and
0.1012 are the respective conversion indicators for the glycerides;
10.441, and the amount of glycerol obtained from 1 kg of rapeseed
oil (Scheme 1).

2.4 | Biodiesel product analysis

The samples taken from the oily phase were analyzed using gas
chromatography-mass spectrometry (GC-MS) and Nuclear Mag-
netic Resonance spectroscopy (NMR). The transformation of oil to
fatty acid methyl esters (biodiesel) was determined by 1H and 13C
NMR using a Bruker Avance Ill HD 400 MHz corresponding to a
magnetic field of 9.4 Tesla. Deuterated chloroform (CDCI3) was

Refrigerant 4— Water inlet

Thermometre

Water out let

h
Reaction mixture % :

\'..‘ b 4
O O

Magnetic plate

SCHEME 1
reaction.

Design of experiment approach for transesterification
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used as a solvent. The percent conversion (C) to methyl ester was

calculated using the equation (Equation 2)#142

C=100x ( 2Ave > 2)

3Ag—cH,

where Ay is the integration value of protons of the methyl esters
(the singlet peak) appearing at 3.64 ppm, and A,_cn, is the integration
value of methylene protons on carbons next to the glycerol moiety
appearing at 2.3 ppm. The factors 2 and 3 were derived from the fact
that the methylene carbon possesses two protons and the alcohol
(methanol-derived) carbon has three attached protons.**

The biodiesel obtained was identified and quantified by GC-MS
using Hewlett Packard Agilent 6890 plus Gas chromatography
equipped with a Hewlett Packard Agilent 5973 mass selective detec-
tor, HP-5MS capillary column (30 m x 0.25 mm, 0.25 um); the auto-
injector was operated in the splitless mode at 250°C using helium as a
carrier gas (flow rate of 1 mL/min). 1 uL of sample was injected; the
oven temperature was programmed between 70°C and 220°C.

3 | RESULTS AND DISCUSSIONS

3.1 | Catalyst characterization

XRD patterns of different materials are shown in Figure 2. For MSS1,
the diffraction peaks at 23°, 29.5°, 31.5, 39.8°, 43.5°, 47.5°, 49.5°,
48.5°, and 57.4° are attributed to the calcium carbonates (CaCOs3) in
accordance with JCPDS card N° 47-1743.3¢ When the temperature
increases to 800°C, the same peaks of calcium carbonates persist but
with lower intensities. On the other hand, there is an appearance of
peaks characteristic of calcium hydroxide Ca(OH), at 18°, 22°, 34°,
47°, and 50.5° (JCPDS N° 01-073-5492) and calcium oxide (CaO). At

+ CaCo,
« Ca(OH),

Intensity (a.u)

26 ()

FIGURE 2 XRD patterns of MSS materials calcined at different
temperatures. (—) MSS1, (—) MSS2, and (—) MSS3.

900°C, calcium oxide (CaO) becomes the dominant phase observed
at 26 = 32.5°, 37.5°, 54°, 64.8°, and 67.7° (JCPDS N° 00-37-149).%4
Although CaCOj3; peaks remain detectable at this stage, their low
intensity indicates a minimal presence of residual carbonate. To fur-
ther verify the presence of unconverted CaCO3; and associated car-
bonate species, CHNS elemental analysis was conducted (Table 2).
The results show a marked decrease in carbon content with increasing
temperature: from 12.03% at 700°C to 10% at 800°C and down to
7.15% at 900°C.

These findings align with the XRD results and confirm that, while
the decomposition of CaCOs is largely achieved at higher tempera-
tures, small quantities of carbonate residues remain in the material.

Figure 3 illustrates the FTIR spectra MSS1, MSS2, and MSS3 cal-
cined at 700°C, 800°C, and 900°C, respectively. For MSS1, the main
absorption bands showed at 1442, 875, and 712 cm~ L, which are
assigned to asymmetric stretching, out-of-plane bending and in-plane
bending vibrational modes of carbonates CO32", respectively. Increas-
ing the calcination temperature to 800°C and 900°C, a sharp OH™
stretching band begins to appear at 3638 cm™! characteristic of sur-
face hydroxyl groups OH— bonded to Ca®* ions in CaO. This band
arises due to the interaction of freshly formed CaO with atmospheric
moisture, leading to partial surface hydration.*”

As expected, XRF results indicated that snail shells and the syn-
thesized catalysts were composed of more than 99% Ca (Table 3). It
should be noted that light elements with atomic numbers below
11, such as carbon (C) and oxygen (O), are not detected by XRF and

are therefore excluded from the quantitative analysis.

TABLE 2 CHNS analysis.

Sample T (°C) C (%) H (%) N (%) S (%)
MSS1 700 12.03 0.00 0.09 0.00
MSS2 800 10.00 0.22 0.04 0.00
MSS3 900 7.15 0.78 0.04 0.03

)
&
51
8
£
g
; w

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

FIGURE 3 FTIR spectra of MSS materials calcined at different
temperatures (—) MSS1, (—) MSS2 and (—) MSS3.
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The TGA/DTG analysis of snail shell (MSS1) calcined at 700°C
(Figure 4a) shows a major weight loss of approximately 45% occurring
between 650°C and 780°C, corresponding to the thermal

& SUSTAINABLE ENERGY

decomposition of calcium carbonate (CaCQs3) into calcium oxide (CaO)
and CO,*® with a relatively broad DTG peak, indicating a slower
decomposition process, likely due to insufficient thermal activation at
this temperature.*® The TGA curves of the MSS2 and MSS3 snail shell
samples calcined at 800°C and 900°C exhibit two distinct weight loss

TABLE 3 Elemental analysis XRF analysis of MSS1, MSS2, stages, each associated with specific thermal events (Figure 4b, 4c).
and MSS3. The first stage, occurring between approximately 100 and 400°C, cor-
responds to the loss of physically adsorbed moisture and the decom-
MSS1 MSS2 MSS3
position of residual organic matter. The second and most significant
Element  wt% at% wtd% at% wtd% at% weight loss stage appears between 600°C and 800°C (35, 94% for
Si 0 0 0.07 0.09 0.06 0.09 MSS2, 23% for MSS3) attributed to the thermal decomposition of cal-
P 0.09 0.12 0.09 0.12 0.09 0.12 cium carbonate (CaCOs) into calcium oxide (CaO) and carbon dioxide
Ca 9911  99.10 9947 9951 9975  99.72 (CO,).4”*8 The MSS2 undergoes significant but not complete thermal
Fe 0.05 0.03 0.33 0.24 0.09 0.06 decomposition; the loss of mass corresponds mainly to the elimination
Al 0.19 0.28 0 0 0 0 of moisture, organic matter degradation, and partial decomposition of
0.02 0.02 0.02 0.02 0.01 0.02 calcium carbonate (CaCO3). The DTG peak around 728°C indicates
K 01 01 0 0 0 0 the onset of CaCO3; decomposition, but some unconverted carbonate
may still be present. The decomposition process for MSS3
Mg 011 018 O 0 0 0 . -
(T = 900°C) is more advanced. Two distinct DTG peaks at 667.5°C
Mn 0.02 0.01 0.02 0.01 0 0 e i )
and 705°C indicate a more complete and possibly multi-step decom-
S 0.32 0.15 0 0 0 0 position of CaCOj; into calcium oxide (CaO). The total weight loss
T=575°C 7 T-370°C
{00 ~a 738.9 ” 100 4 . T=728°C 0.5
e 4.13% T\
90 4 -0.5 00 ] 0.4
L0.4 _
< 80- 45% S (e
< 0.3 <Zo 80 (2
§ E% [) 2 E
& ol o2 Bk 35.94% L0.25
704
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FIGURE 4 TGA/DTA curve of the as-prepared material.
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reaches 63.5%, confirming a higher degree of thermal degradation
and mineral transformation compared to MSS2. These findings dem-
onstrate that calcination at 900°C ensures a more complete conver-
sion of CaCOj3; into CaO, which is crucial for applications such as
catalysis where the active phase is CaO.

The SEM images of the catalysts presented in Figure 5 reveal the
morphological evolution of MSS1, MSS2, and MSS3. MSS1 exhibits
an irregular and porous surface with loosely packed particles, indicat-
ing incomplete decomposition and limited structural development. In
contrast, MSS2 shows significant morphological transformation, char-
acterized by enhanced crystallinity and surface reorganization, as evi-
denced by the formation of more defined and interconnected porous
structures; this may be due to the release of water and gaseous CO,
during decomposition of CaCO3 to Ca0.*°

However, MSS3 displays a denser and more compact morp-
hology, with smoother surfaces that suggest the formation of a well-
developed crystalline CaO phase. High-temperature calcination pro-
motes particle agglomeration, ultimately resulting in sintered powders;
the obtained result is close to Mohammed et al.*’

3.2 | Parametric study of transesterification

3.2.1 | Effect of the calcination temperature
Using MSS1 in transesterification, a 10% yield of white biodiesel was
obtained, where the glycerol phase did not appear. Washing with

citric acid (1 N) was unsuccessful, thus enhancing emulsion formation.

Even in the case of MSS2, the glycerol phase did not appear; the bio-
diesel yield achieved 20%, and the wash with citric acid was success-
ful. Whereas using MSS3, three phases appeared; the biodiesel
obtained was of an orange-yellow color. In this case, the yield of bio-
diesel exceeded 93.89% (Figure 6) due to the significant amount of
CaO present in MSS3. A similar result was obtained by Ikbal Bahar
Laskar et al. in their study on the treatment of waste snail shell-
derived heterogeneous catalyst for biodiesel production via transes-

terification of soybean oil.*°

3.2.2 | Effect of catalyst amount on biodiesel yield

The influence of the catalyst amount on the frying oil conversion is
explored by changing the catalyst amount from 0.5 to 3 wt% using
MSS3 catalyst and methanol/oil to volume ratio of 7.7:1 (Figure 7).
The reaction happened at room temperature (20°C) for 48 h. It
was noticed that the oil conversion to biodiesel increases as the
catalyst amount increases from 0.5 to 1.5 wt% (60 to 99.8%);
beyond 1.5 wt%, the conversion of the oil reaches the plateau or
may even slightly decline. The optimal catalyst amount was 1.5 wt
% with a conversion of 99.8%; at a higher catalyst amount, the
reaction mixture is likely to become more viscous, which can cause
resistance to mass transfer in the liquid-liquid-solid system and,
subsequently, cause the conversion rate of the catalyst to drop
methyl ester.>°® The results obtained in this work are better than
those obtained using the golden apple snail shell and the came

Meretrix snail shells as catalysts.?*

FIGURE 5

SEM images of the catalysts: (a) MSS1, (b) MSS2, and (c) MSS3 at a magnification of x7500.
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FIGURE 7 Effect of catalyst amount on the biodiesel yield using

MSS3 catalyst under the reaction condition: Methanol/ oil molar
ratio 7.7:1.

3.2.3 | Effect of methanol/oil ratio on
biodiesel yield

The influence of the molar ratio oil to methanol on the conversion of
frying waste oils to biodiesel was studied in the range (6.4:1, 7.7:1,
9:1, 10.25:1) (Figure 8). It is shown that the molar ratio of oil to meth-
anol influences the conversion of oil to biodiesel. Figure 8 clearly
shows the influence of the methanol/oil molar ratio on the yield of
biodiesel obtained from the transesterification of frying waste oils
using a heterogeneous catalyst derived from the shells of murguta
snails. Increasing the methanol/oil molar ratio from 6.4:1 to 9:1 signifi-
cantly increases biodiesel yield. More by increasing the amount of
methanol more by requiring the formation of methoxy species on the
surface of CaO, and this will divert the balance of the transesterifica-
tion reaction towards the formation of biodiesel. However, further
increases in the methanol/oil ratio up to 10.25:1 have a negative

effect on the transesterification reaction. Because according to

using 1 wt. % MSS3.

Refs. [°1733], a high methanol content promotes the reverse reaction.
Probably the reverse reaction can occur between biodiesel and
glycerol formed to give monoglycerides and diglycerides behaving as
a co-solvent. This would lead to a decrease in yield and will inhibit the
transesterification reaction.”*

High feedstock cost is a serious economic disadvantage of biodie-
sel. Meanwhile, the final properties of the biodiesel are affected
greatly by the qualities of the iodine value, the water content, and the
free fatty acid content of the feedstock. Thus, the feedstock used for
biodiesel production is needed to be analyzed and controlled.

FTIR analysis was carried out to identify the main functions in
biodiesel produced under the transesterification reaction using MSS3
catalyst with a methanol/oil molar ratio equal to 7.7:1 (Figure 9). The
change between the oil and the biodiesel spectra was observed in the
region of 1000-1500 m~2. This region is known as the fingerprint
region for the produced biodiesel, where a new peak appeared during
the transesterification reaction.”* So, the peak at 1437 cm~tin the
biodiesel spectrum corresponds to the asymmetric stretching -CH3,
whereas this peak is not observed in the frying oil spectrum®® indi-
cated the transformation of frying oil into biodiesel.>® The glycerol
group O-CH2 stretching was attributed to the absorbance peak at
1370 cm™* which was found in frying oil but absent in the biodiesel
spectrum.’” The peak obtained at 1195 cm™?, attributed to the
stretching of O—CHys, confirmed the formation of biodiesel. The C—H
(sp?) elongating band located at 3011 cm™? in both frying oil and bio-
diesel. The bands located at 2921 and 2852 cm~! were characteristic
of asymmetric and symmetric stretching and bending C—H alkyl,
respectively. The strong intensity of elongating vibrations at
1742 cm™? attributed to the stretching of —C=0 in both oil and bio-
diesel.”® The peak located at 1460 cm™* confirms the existence of the
alkane group (C—H).

The peaks at 1447 cm™! for —CH3 asymmetric bending and
1200 cm™? for O—CHyg stretching confirmed the conversion of used
frying oil into biodiesel, whereas these IR peaks did not exist in the IR

|,59

spectrum of the oil,”>” as shown in the figure. The out-of-plane C—H

(sp®) band was found at 722 cm™ 2. The differences between the oil and
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the biodiesel spectrum can be summed up in the appearance of the
methyl ester functional groups in the biodiesel. After its transformation to
biodiesel, novel bands appeared at 1437, 1196, and 1160 cm~ ! attributed
to the methyl ester (—O—CHys) group. These bands originated from the
alcohol C—O group at 1158 cm™* (Figure 9a).° The IR band in the range
1370-1400 cm~! gives information about the existence of O—CH,
groups in glycerol such as moiety of triglycerides, diglycerides, and mono-
glycerides.>? Stretching vibration of C—O from ester is observed at 1234,
1119, and 1026 cm~*5*

3.3 | Analysis transesterification products

3.3.1 | !H-NMRand *C-NMR analysis

Biodiesel produced from frying oil using a catalyst MSS3 is also char-
acterized by *H-NMR and *3C-NMR spectroscopies (Figures 10 and

e sen—

Biodiesel hf | [ 5, N\

Frying oil

Transmittance (a.u)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

FIGURE 9 FTIR spectra of waste frying oil and biodiesel using a
catalyst MSS3 (1 wt%) with methanol/oil molar ratio 7.7:1.

Figure 11). It is observed that the major difference between the
1H-NMR spectra of oil and biodiesel is the disappearance of signals
characteristic of glyceridic protons and olefinic hydrogen at multiple
peaks 4.21 and 5.31 ppm®?¢3. The appearance of a single signal at
3.66 ppm represents the methoxy protons of the ester functionality
during the conversion of oil to methyl ester (—CO,CH3).%* The signal
at 3.49 ppm is bound to methanol, which is a reactant in the transes-
terification reaction.®®

The signals at 2.28 ppm result from protons on CH1 groups adja-
cent to the methyl or glyceryl ester fragments (CH,CO,CH5 for the
methyl esters). These signals can be used for quantification using
Equation (2) as described above. The yield of triglycerides to the cor-
responding methyl esters was 94%. —CH, protons related to the glyc-
eride of waste oil, which appeared in the range of 5[4.00-4.5] ppm
(Figure 10a), completely disappeared after reaction (Figure 10b), in
agreement with the result of Moawia et al.®® The results of *C-NMR
technique of biodiesel (Figure 10b) demonstrated the presence of
peaks at 173.96 and 51.17 ppm characteristic of carbonyl ester (COO)
and CO, respectively. The same results have been confirmed by other
studies.” "% Whereas, for the waste frying oil (Figure 11a), the peaks
located at 62 and 68 ppm attributed to glyceryl carbon atoms in the
triglyceride molecules disappeared, and the appearance of a new one
at 51.38 (Figure 11b) due to the methoxy carbon is indicative enough
for the desired transformation.®?

3.32 | GC/MS results

The GC/MS results revealed the presence of hexadecanoic acid
methyl ester, methyl 11-octadecenoate, eicosanoic acid methyl ester,
methyl butanoate, docosanoic acid methyl ester, 11,14-eicosadienoic
acid methyl ester, and tetracosanoic acid methyl ester as the methyl
esters present in the biodiesel. The major methyl ester is the hexade-
canoic acid methyl ester. The methyl ester profile of biodiesel pre-

pared from used cooking oil and the fatty acid of this oil are

TOH o T 7T

FIGURE 10
methanol/oil = 7.7:1.

IH-NMR spectrum of (a) waste frying oil and (b) biodiesel spectra using 1 wt% MSS3 catalyst and a molar ratio
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FIGURE 11 3C-NMR of (a) waste frying oil (b) produced biodiesel using 1 wt% MSS3 catalyst under methanol/oil molar ratio = 7.7:1.

TABLE 4 Compounds detected from waste frying oil.

Compounds identified

Octanoic acid

Tetradecanoic acid

9-Hexadecenoic acid

Heptadecanoic acid

9-Octadecenoic acid (Z)-, methyl ester
9,12-Octadecadienoic acid
Octadecanoic acid
9,12,15-Octadecatrienoic acid
10-Nonadecenoic acid
2(1H)-Naphthalenone, octahydro-4a-methyl-7-(1-methylethyl)
11-Eicosenoic acid

Eicosanoic acid

Cycloheptanone, 2-isopropylidene
Semicarbazone

Naphthalene, decahydro-2,3-dimethyl
Heneicosanoic acid
1-Cyclohexene-1-acetaldehyde, trimethyl
Docosanoic acid

Tricosanoic acid

Tetracosanoic acid

presented in Tables 3 and 4. The main methyl esters are as follows:
linolelaidic acid, methyl ester C;9H340, (C18:2) 57.02%, Palmitic acid
methyl ester Ci7H340, (C16:0) 13.73%, Oleic acid methyl ester,
methyl 11-octadecenoate (Methyl Octadecanoate) C19H350, (C18:1)
11.60%, and Stearic acid methyl ester C19H350, (C18:0) 6.17%. Lino-
lenate acid methyl ester Ci9H3,0, (C18:3) has a low percentage
(~1.51%). Long-chain fatty acids are present as minor constituents.
This result is consistent with that of Leung and Guo,”® where the syn-
thesized biodiesel from used frying oil was collected from Chinese

|71

restaurants. The study conducted by Huseyin Sanli et al.”* carried out

Acids Molecular formula Area (%)
Caprylic acid CgH1605(C8:0) 0.06
Myristic acid C14H2505(C14:0) 0.08
Palmitelaidic acid C16H3002 (C16:0) 12.22
Margaric acid C17H340,(C17:0) 0.22
Oleique acid C1gH340,(C18:1) 1.36
Linoleic acid C18H3,0,(C18:2) 66.18
Stearic acid C18H360,(C18:0) 5.47
Linolenic acid C1gH300,(C18:3) 1.45
C19H360(C19:1) 0.17
Ci3H2,0 1.99
Gondoicacid CooH3g0, (C20:1) 1.29
Arachidic acid Co0H400, (C20:0) 2.18
CoH15N30 1.40
CioH22 1.95
Heneicosylic Cy1H4,0,(C21:0) 0.15
B-Cyclohomocitral Cy11H1g0(C11:1) 1.40
Behenic acid CyoH4405(C22:0) 1.69
Tricosylic acid Co3H460,(C23:0) 0.21
Lignocerique acid Co4H450, (C24:0) 0.60

on frying oils gave rise to equivalent FAME profiles in our study with
a low percentage of linolenate acid methyl ester. These components
are able to improve not only some important fuel properties like
cetane number, heat of combustion, oxidative stability, and kinematic
viscosity (C18:1, C16:0) but also the cold flow properties of biodiesel
(C18:2) as shown in the work of Knothe.”?

To determine the composition of fatty acids, the produced biodie-
sel was examined by GC-MS. There were four main characteristic
peaks of fatty acid methyl esters (FAME) for biodiesel production.
Each peak corresponds to a fatty acid methyl ester component. The

858017 SUOWLIOD A1) 8|qeo! dde aup Aq peuenob ae Sappiie YO ‘8Sn JO S9Nl 10j Aeiq18UIUO 48] 1M UO (SUORIPUOD-PUR-SLUBIALI0O" A3 1M ALeIq | Ul [UO//:SdNL) SUORIPUOD pue Swie | 8y} 89S *[6Z0Z/0T/ZT] uo Ariqiauliuo A8|im ‘seAlln 11 |uesseqnyuind 0" L Aq ¥800. 'de/Z00T 0T/I0p/W00" A8 | 1M ARe.d 1 jpuljuo'ayoke//:sdny Wouy pepeojumod ‘0 ‘0Sy.yv6T



10 of 13 I ENVIRONMENTAL PROGRESS
& SUSTAINABLE ENERGY

TABLE 5 Compounds detected from biodiesel.

Compounds identified
Hexadecanoic acid methyl ester

9-Hexadecenoic acid, methyl ester

11-Hexadecenoic acid, 15-methyl-, methyl ester
9,12-Octadecadienoic acid, methyl ester
9-Octadecenoic acid (Z)-, methyl ester
Octadecanoic acid methyl ester

2(1H)-Naphthalenone, octahydro-4a methyl-
7-(1-methylethyl)-(4aalpha, 7beta, 8abeta)-

11-Eicosenoic acid, methyl ester

Eicosenoic acid, methyl ester

2-Propionyl-6-methyl-3,4-dihydropyran

9,12,15-Octadecatrienoic acid, methyl ester

13-Docosenoic acid, methyl ester
Docosanoic acid, methyl ester
13-Docosenoic acid, methyl ester
Tricosanoic acid, methyl ester

Tetracosanoic acid, methyl ester

CHAIB ET AL.

Fatty Acid Methyl Ester (FAMEs) Molecular formula Area%
Palmitic acid methyl ester Cy7H340, (C16:0) 13.73
Methylpalmitoleate CH30CO(CH,);,CH= 0.1

CH-(CH,)sCH (C16:1)
Methylisoheptade canoate C1gH340, (17:1) 0.15
Linolelaidic acid, methyl ester C19H340, (C18:2) 57.02
Oleic acid, methyl ester Cy9H340, (C18:1) 11.60
Stearic acid, methyl ester C19H350, (C18:0) 6.17
Jatamansone C14 H4O 1.62
Gondoicacid Cy1H400, (C20:1) 1.19
Methyleicosenoate
Arachidic acid methyl ester Cy1H4,0, (C20:0) 1.99
(6-Methyl-3,4-dihydro-2H- CyH140, 0.48
pyran-2-yl)-1-propanone
Linolenate acid methyl C19H3,0,(C18:3) 1.51
ester elaidolinolenate
Methylbrassidate Cy3H440, 0.03
Behenicacid, methyl ester Co3H460 (C22:0) 1.50
Methylbrassidate Co3H440, (C22:1) 0.03
Methyl tricosanoate Co4H480, (C23:0) 0.18
Lignoceric acid methyl ester Cu5H500 (C24:0) 0.66

chemical composition for GC-MS result is regrouped in the Table 5.
The major component present in the biodiesel is 9,12-octadecanoic
acid methyl ester. The main methyl esters are as follows: linolelaidic
acid methyl ester C19H340, (C18:2) 57.02%, Palmitic acid methyl
ester C17H340, (C16:0)13.73%, Oleic acid, methyl ester C19H340-
(C18:1) 11.60% and Stearic acid methyl ester Ci9H350, (C18:0)
6.17%. Linolenate acid methyl ester C19H3,0, (C18:3) has a low per-
centage (~1.51%). This result is consistent with that of Leung and
Guo’® who synthesized biodiesel from used frying oil collected from
Chinese restaurants. The study conducted by Huseyin Sanli et al.”*
carried out on frying oils gave rise to equivalent FAME profiles in our
study with a low percentage of linolenic acid methyl ester.

From the GCMS analysis the saturated fatty acids include
methyl butanoate, tetracosanoic acid methyl ester, docosanoic acid
methyl ester, hexadecanoic acid methyl ester and eicosanoic acid
methyl ester which account for 71.1% of the biodiesel makeup.
Similarly, 11,14-eicosadienoic acid methyl ester and methyl
11-octadecenoate (elaidic acid methyl ester) are unsaturated fatty
acids and make up 28.59% of the biodiesel make up while
2H-1-benzopyrané-ol accounts for 0.31% of the biodiesel makeup.
According to Ref. [73], the presence of low level of unsaturated
fatty acids is desirable as these unsaturated fatty acids results in
poor oxidative stability of the fuel while a high presence of satu-
rated fatty acids enhances the biodiesel fuel oxidative capacity.

Similarly, Mu Kaisan et al.,”®

reported that higher degree of unsa-
turation in the fatty acid methyl esters limits its suitability for use

as a fuel due to high polymerization tendency which is caused by

peroxidation. Therefore, since the predominant methyl ester is
methyl hexadecanoate which is a saturated fatty acid and as such
has an affinity for oxygen therefore the tendency for peroxidation
to occur in the car engine leading to engine failure would not
occur.

4 | CONCLUSION

A biodegradable, economical, and ecofriendly catalyst was success-
fully developed by simple calcination of waste mourguetas snail shells.
CaO derived from these mourgueta snail shells demonstrated excel-
lent catalytic activity for the transesterification of used frying oil,
achieving a biodiesel yield of 99.8% under optimal conditions: room
temperature, a reaction time of 24 hours, 1.5% MSS3 loading (relative
to oil weight), and a methanol-to-oil molar ratio of 9:1. The high cata-
lytic efficiency of MSS3 is directly linked to its purity, as confirmed by
XRF, TGA, and CHNS elemental analysis. The results highlight the
potential of mourguetas snail shells derived CaO as an efficient and
sustainable catalyst for biodiesel production. The produced biodiesel
was identified by *H-NMR and *3C-NMR, GC/MS, FTIR analysis.
Additionally, GC/MS analysis confirmed the presence of major fatty
acid methyl esters (FAMEs), including methyl linolelaidate, methyl pal-
mitate, methyl oleate, and methyl stearate. These results demonstrate
that calcination at 900°C ensures a more complete conversion of
CaCO; into Ca0, which is crucial for applications such as catalysis

where the active phase is CaO.
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