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INTRODUCTION 

The global energy system has relied on fos-
sil fuels for a long time. However, the rapid use 
of these fuel sources has rapidly reduced stocks. 
Additionally, environmental contamination con-
cerns have spurred many mitigation attempts. 
Accordingly, generating and applying biofuels 
from renewable materials could solve these is-
sues (Mares et al., 2021). In this situation, BD is 
a partial or complete alternative to petroleum die-
sel. It can be originated from renewable sources, 
like vegetable oils or animal fats, consisting of 
alkyl esters of fatty acids. Esterification of fatty 
acids or transesterification (TE) of acylglycerols 
with primary alcohols are the main production 
routes of BD (Conceiçao et al., 2015). The TE, 

facilitated by an enzymatic, acidic, or catalyst, is 
the chief process for producing this fuel (Gupta 
and Rathod, 2018). Homogenous catalysts, in-
cluding KOH, NaOH, CH3ONa, CH3OK, etc., are 
the main catalysts implemented for creating BD 
from various sources of lipids. However, these 
catalysts generate a lot of effluent during puri-
fication, making catalyst recycling problematic 
(Navas et al., 2020). Solid heterogeneous cata-
lysts alleviate issues relating to the homogenous 
catalysts because of their renewability, reusabil-
ity, and ease of separation from the reaction me-
dia. Among the heterogeneous catalysts for BD 
production is CaO. This solid base catalyst (SBC) 
possesses many merits that qualify it to be used as 
an alternative to other homogenous catalysts, like 
its superior basicity and ease of handling, besides 
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its eco-friendly features and economic benefits 
(Jamil et al., 2021; Yan et al., 2009). 

Various solid wastes, including mussel shells, 
chicken egg shells (CES), scallop shells, oyster 
shells, chicken bones, seashells, duck shells, and 
snail shells, have been implemented as cheap 
and natural sources for creating CaO (Ashine 
et al., 2023). The CES are mainly composed of 
94.0 wt.% calcium carbonate (CaCO3) in addi-
tion to 1.0 wt.% magnesium carbonate (MgCO3) 
and 1.0 wt.% calcium phosphate (Ca3(PO4)2). The 
rest of CES are organic components (mostly pro-
tein) and water (Sajadi et al., 2018; Tanpure et al., 
2022). Consequently, the CES could be a sustain-
able source of CaCO3, which can directly be em-
ployed or thermally treated to produce CaO. Both 
CaCO3 and CaO can serve as catalysts or supports 
for active materials (Deharbe et al., 2023). On 
this account, CES could be utilized as a sustain-
able source for CaO production and considered an 
SBC for BD production. In comparison to other 
sources of CaO, like snail shells, crab shells, mus-
sel shells, etc., the massive consumption of CES 
worldwide in various kinds of establishments, in-
cluding bakeries, homes, and egg farms, will result 
in producing enormous quantities of CES, which 
are solid waste (Paruthi et al., 2023). So, discard-
ing such solid waste in different open-field garbage 
dumps will contaminate air and water sources and 
disperse contagious diseases (Paruthi et al., 2023). 
Consequently, the waste CES could be a sustain-
able natural source for producing CaO, which can 
be implemented in various applications, including 
BD production. Synthesis of BD using CaO gener-
ated from the abovementioned precursors has been 
announced in the literature, e.g., the CES-derived 
CaO was tried as a SBC for producing BD from 
Argemone mexicana oil (Ashine et al., 2023). The 
CaO originated from the Mussel shell and was 
tested as an SBC for the methanolysis of castor oil 
to BD (Khan et al., 2022). Kedir et al., 2023 imple-
mented snail shell-derived CaO as SBC for the TE 
of WCO into BD. Production of BD from edible 
vegetable oils is expensive and causes food short-
ages, making it the biggest issue in the BD market. 
Also, alternate triglyceride sources must be found 
due to the sensitive nature of creating BD from 
non-edible raw materials. Therefore, non-edible 
sources of lipids, like non-edible vegetable oils, 
animal lipids, and WCO, have been adopted as 
potential precursors for producing BD fuel (Navas 
et al., 2020). The manufacture of BD from WCO 
will aid in recycling this source of feedstocks and 

generating clean, renewable energy fuel, thus po-
tentially lowering reliance on petrol-based feed-
stocks (Danane et al., 2022). Utilization of WCO 
for biofuel production can address food safety and 
energy crises, as well as environmental concerns 
due to their renewable, non-toxic, and clean com-
bustion features. It was stated that the global pro-
duction of WCO is estimated to be 16.54 million 
tons per year, with a production average of 4–8 
million tons in China and nearly 1 million in the 
European Union (EU) (Mannu et al., 2019). Dis-
posal of WCO into the environment will be associ-
ated with several negative impacts on the ecosys-
tem. Uncontrolled discharge of WCO from various 
sources, including restaurants, domestic kitchen 
sinks, and food processing units, can cause FOG 
(fat, oil, and grease) formations as an outcome of 
interacting with wastewater elements (Usman et 
al., 2020). These deposits can pollute the environ-
ment besides causing pipe clogs and exposing live 
beings to viruses. So, dealing with such a pollut-
ant is an energetic target. Production of BD from 
WCO could be a potential solution to eliminate or-
ganic waste and its negative environmental impact 
(Usman et al., 2020). 

Among the negative concerns that accompany 
BD synthesis utilizing SBC is the catalyst’s immis-
cibility between triglycerides and alcohol, which 
raises the production cost since it needs greater en-
ergy and time for heating and stirring, as well as 
necessitating a larger alcohol-to-oil ratio. Several 
approaches have been proposed to overcome this 
drawback, including adding cosolvent. Adding the 
cosolvent in the reaction medium decreases mass 
transfer limits, improves oil solubility in alcohol, 
and increases BD output. On the other hand, em-
ploying cosolvent improves response time while 
also mitigating shipping and storage concerns 
(Mohadesi et al., 2020). It is recommended to 
use a cosolvent with a boiling point close to that 
of the implemented alcohol in order to ensure its 
recycling with alcohol by the end of the reaction. 
Also, incorporating cosolvent within the TE reac-
tion medium can lessen the conditions required to 
achieve maximum conversion of triglycerides into 
BD, including the amount of the catalyst and meth-
anol: oil molar ratio, besides the TE temperature 
and duration (Saeed et al., 2021). According to the 
literature, various cosolvents were employed, like 
n-hexane (Nguyen et al., 2018), tetrahydrofuran 
(THF) (Chumuang et al., 2017), acetone (Laskar 
et al., 2020), di-isopropyl (Sahani et al., 2018), 
butanol (Navas et al., 2020), etc. Chumuang and 
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Punsuvon (2017) explored the methanolysis of 
waste cooking oil (WCO) into BD using calcium 
methoxide as an SBC in the presence of THF as 
a cosolvent. The TE of soybean oil to BD at room 
temperature using the snail shell-derived CaO as 
an SBC and acetone as a cosolvent was declared 
by Laskar et al. (2020). The Sr-Ln mixed oxides 
were employed for the methanolysis reaction of 
non-edible oils to BD in di-isopropyl as a cosol-
vent (Sahani et al., 2018). Finally, rapeseed oil was 
transformed into BD fuel for the methanolysis re-
action using mixed oxides of Mg and Fe as an SBC 
and butanol as a cosolvent (Navas et al., 2020). 
Although the CSTE of various lipids has been 
announced in the literature using homogenous or 
heterogenous catalysts, the implementation of n-
hexane as a cosolvent during the TE reaction of 
a mixture of non-edible lipids using an SBC, like 
CaO nanocatalyst, has not been yet declared, to the 
best of our knowledge. These issues motivated us 
to accomplish this research work and fill this gap.

Here, NSBC was developed from a naturally 
occurring source, the CES, after being calcined 
at 850 °C for 2 h. Various techniques were em-
ployed to identify the as-prepared NSBC. The lat-
ter was then tried in the CSM and NSM of mixed 
WCO+WMO to synthesize BD fuel via the opti-
mized route. The resulting samples of BD were 
identified by 1H NMR and FTIR spectroscopy and 
TLC techniques. Determining the fuel properties 
of BD was also accomplished using the ASTM 
methodologies. 

MATERIALS AND METHODOLOGIES

Materials

The WCO and waste CES were brought from 
the fast-food restaurants and sweet houses in Mo-
sul City, Iraq. The wild mustard seeds were collect-
ed from the lands distributed within Mosul, north 
of Iraq, during the summer of 2024. All analytical 
reagent grade (AR) chemicals, including n-hexane, 
methanol, diethyl ether, acetic acid, and sodium 
sulfate, were purchased from Scharlau Chemicals, 
Spain. The wild mustard seeds were dried for 2 
days under sunlight and then ground. Oil extrac-
tion from the ground seeds powder was accom-
plished in a Soxhlet extractor using n-hexane as a 
solvent for 10 h. The WCO and WMO were mixed 
with freshly activated sodium sulfate. After mix-
ing, the resulting mixtures were left to settle for a 

day to detach any moisture in the oils, followed by 
filtration to separate the purified oil from the dry-
ing agent. Finally, the purified oils were preserved 
in a dark container for subsequent use. 

Synthesis of NSBC from CES

The collected discarded CES were washed 
thoroughly with tap water to eradicate dirt or 
organic materials, washed with distilled water 
(DW), and dried at 110 °C overnight. The dehy-
drated CES were ground and sieved with a 100-
mesh sieve. Synthesis of the NSBC from the CES 
powder was carried out via calcinating 5.0 g of the 
powdered CES at various temperatures (800−950 
°C) for multiple durations (1−3 h) in a muffle 
furnace (Isolab, Germany) at a 10 °C/min rate of 
heating. The produced catalysts were preserved in 
an airtight container for further application.

Identification of the ideal NSBC 

The X-ray diffractometer (XRD, PANalytical 
Empyrean) with a 2θ range of 10–80° and a scan-
ning rate of 2°/min was implemented to examine 
the crystalline structure of the resulting NSBC. 
The surface area and pore size distribution of the 
NSBC were determined based on the N2 adsorp-
tion-desorption isotherms at -196 °C (BELSORP 
MINI II, Japan). The surface morphology and el-
emental composition of the produced NSBC were 
recorded on a field emission scanning electron 
microscope (FESEM) combined with an energy 
dispersive X-ray (EDX) was implemented for this 
purpose at a 15 KV accelerating voltage (Tescan 
Mira 3 LMU FESEM-EDX, France, 2018). 

Methanolysis of mixed WCO+WMO by the NSBC 

The CSM and NSM were applied to synthe-
size BD fuel from the oils mix using the as-created 
NSBC. The methanolysis reaction was accom-
plished in a 250 mL three-necked round-bottom 
flask attached to a reflux condenser, magnetic stir-
rer, and thermometer. A constant temperature wa-
ter bath was implemented to regulate the methano-
lysis temperature. Firstly, the proper amount of the 
NSBC was mixed with methanol inside the round, 
and the resulting mixture was stirred at 40 °C for 
30 min at a 700-rpm stirring rate. Subsequently, 
an equal quantities of oils was blended, and a pre-
determined  amount of cosolvent (n-hexane) was 
poured into the reaction mixture The resulting 
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mixture was stirred for a given duration at the 
determined temperature. Upon completion of the 
process, the NSBC was stripped from the reaction 
products by centrifugation. The resultant products 
were distilled to recover excess methanol and co-
solvent after that, permitted to settle in a separat-
ing funnel to separate BD (upper phase) from the 
glycerin phase (lower phase) (Fadhil et al., 2020). 
The yield of BD was calculated as per Equation 1 
(Altikriti et al., 2015):

	

1 
 

Yield of BD (%) =  Mass of BD produced 
Mass of oils blend used  ×  100 (1) 

 

FAME (%) =  2AMe 
3ACH2  ×  100 (2) 

 

	(1)

Exploring the influence of the working con-
ditions, like the NSBC amount (1.0–6.0% w/w), 
methanol: oil molar ratio (3:1–18:1), cosolvent: 
methanol molar ratio (10–50 wt.% of oil), metha-
nolysis temperature (30 °C, 40 °C, 50 °C, 60 °C, 
65 °C, and 70 °C), and methanolysis period (30–
180 min) on the BD output was carried out so as 
to optimize the experimental conditions that will 
produce the highest yield of BD.

Analysis of BD from mixed oils

After the CSM and NSM of mixed 
WCO+WMO using the resulting NSBC, various 
techniques were employed to identify the pristine 
mix of oils and the typical BD sample. For this 
purpose, FTIR spectroscopy (JASCO V-630 FTIR 
spectrometer, USA) spectroscopy and 1HNMR 
spectroscopy (Bruker Biospin GmbH 400 MHz 
spectrometer) were implemented to verify the tri-
glyceride conversion into its corresponding prod-
uct. Also, as a rapid and easy technique to moni-
tor the methanolysis reaction of the oils mixed 
into BD using the as-synthesized NSBC, thin 
layer chromatography (TLC) was exploited for 

this purpose utilizing silica gel plates and iodine 
vapor to visualize spots following fractionation 
(Fadhil et al., 2019). The 1H NMR was also im-
plemented to quantify the conversion of the said 
blend of oils into BD following Eq.(2) :

	

1 
 

Yield of BD (%) =  Mass of BD produced 
Mass of oils blend used  ×  100 (1) 

 

FAME (%) =  2AMe 
3ACH2  ×  100 (2) 

 

	 (2)

where:	 2ACH3 refers to the methyl ester protons inte-
gration value, while ACH2 signifies the meth-
ylene protons integration values. Determin-
ing the fuel characteristics of the authentic 
oils blend, and its developed BD samples 
was accomplished following ASTM stan-
dard procedures. These properties included 
density (D @ 15.6 °C), kinematic viscosity 
(KV @ 40 °C), flash point (FP), pour point 
(PP) and acid value (AV). 

RESULTS AND DISCUSSION

Selection of the typical catalyst

The conversion of waste CES into NSBC was 
accomplished via the optimized protocol. To do 
so, the pristine CES was calcined at various tem-
peratures for different durations to find the best 
NSBC. The selection of the best NSBC depended 
on testing each prepared catalyst in the CSM and 
NSM of the oils blend at the conditions offered in 
the legend of each figure.

According to the outcomes in Fig. 1a, increas-
ing the calcination temperature from 800 °C to 
850 °C for 120 min enhanced the BD output for 
both processes. The best calcination temperature 
was 850 °C, suggesting that this temperature was 
enough for the entire transformation of CES into 
nano CaO. Temperatures above 850 °C diminished 

Figure 1. Effect of the calcination temperature and time on BD yield via CSM and NSM
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the BD yield, which may be due to the sintering of 
the NSBC particles, leading to a reduction in the 
number of active sites ready for the methanolysis 
reaction, and thus, the BD output was reduced. 
Therefore, a calcination temperature of 850 °C 
was considered the best. Following the results pre-
sented in Figure 1b, extending the calcination time 
from 1 h to 2 h was associated with an increase in 
the BD yield via both processes, demonstrating that 
this period was much enough for the entire conver-
sion of CES into CaO, while durations beyond 2 h 
consider a loss of energy. Therefore, a calcination 
period of 2h was considered the typical. 

Identification of the typical catalyst

According to the results obtained earlier, 
the best SBC produced from the CES was that 
calcined at 850 °C for 2 h. Thus, it was further 
identified to assess its texture, morphology, and 
crystalline structure. 

It is well-known that the surface area and po-
rosity of a heterogeneous catalyst potentially af-
fect its overall performance (Huang et al., 2021). 
Thus, the BET surface area (SABET) and average 
pore size distribution of the resulting NSBC were 
determined based on the N2 adsorption-desorp-
tion isotherms, which are presented in Figure 2. 
The N2 adsorption-desorption isotherms of the re-
sulting NSBC belonging to both samples type IV 
as per the IUPAC classifications, confirming the 
occurrence of mesoporous. This isotherm is char-
acterized by a hysteresis loop shape, identified as 
type H3, with slit-shaped pores (Maneechakr and 
Karnjanakom, 2021). The SABET of the produced 
NSBC amounted to 11.47 m2/g, while the SABET 
of the ES amounted to 2.35 m2/g (Annane et al., 
2023). The higher SABET of the resulting NSBC 

compared to the pristine CES could be ascribed to 
the hydration-dehydration reactions that occurred 
upon the calcination of the authentic CES at high 
temperatures. Moreover, the SABET of the NSBC 
synthesized here was above that established for 
the CaO originated from the calcination of hollow 
CaCO3 at 700 °C (Huang et al., 2021), which was 
6.10 m2/g. Nevertheless, the SABET of the NSBC 
was below that reported for the CaO nanocatalyst 
synthesized via calcination of the CES at 900 °C 
for 3 h, which amounted to 16.40 m2/g (Pandit 
and Fulekar, 2017). The mean pore diameter of 
the as-synthesized NSBC was 8.12 nm, suggest-
ing its mesoporous structure. It was reported that 
the CES-derived nano CaO had an average pore 
diameter of 5.07 nm (Pandit and Fulekar, 2017). 
According to the literature, a mesopores structure 
for any SBC will be suitable to provide high cata-
lytic activity and more adsorption sites for the dif-
fusion of the triglyceride (TG) and glycerin mol-
ecules (~2.5 nm) during the transesterification 
reaction (Huang et al., 2021; Zhang et al., 2017; 
Shan et al., 2015).

The crystalline structure of the resultant NSBC 
was examined through the XRD, whose pattern is 
offered in Figure 3. The outcomes presented in this 
figure suggested that the crystal structures of nano-
CaO particles are analogous with major diffraction 
peaks for CaO at 2θ = 32.30°, 37.35 °, 53.90°, 
64.25°, and 67.40°, which respectively belong to 
the crystal planes (111), (200), (220), (311), and 
(222). These crystal planes confirmed the entire 
transformation of the pristine CES into their cor-
responding CaO (Huang et al., 2021). Also, the 
observed phases were detected in the CaO nano-
catalyst originating from the calcination of CES 
(Huang et al., 2021).

Figure 2. The N2 adsorption-desorption isotherms, (b) pore size distribution of the CES-derived CaO catalyst
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The crystalline size diameter (D) of CES-
derived NSBC was calculated based on the 
Debye-Scherrer equation and was found in the 
range of 29.40 nm to 37.77 nm. In contrast, the 
average size of the CaO nanocatalyst crystal-
line structure, calculated following the Scher-
er equation, amounted to 31.16 nm. The CaO 
nanocatalyst derived from the calcination of 
CES at 900 °C exhibited an average crystalline 
size of 23.65 nm (Ahmad et al., 2020). Such 
findings confirmed the nanostructure of the as-
synthesized CaO catalyst.

The surface morphology of the CES-de-
rived CaO nanocatalyst was examined by em-
ploying FESEM. According to Figure 4, which 
depicts the FESEM images of the CES-derived 
NSBC, it showed a rough and porous surface, 
as it contained pores with asymmetrical sizes 
of semi-spherical particles, which originated 

as a consequence of the evolution of water and 
CO2 gas upon thermal decomposition of CaCO3 
in the authentic CES at 850°C (Buasri et al., 
2015). These findings were compatible with 
the BET measurement, confirming the porosity 
of the resultant CaO. Also, the particle size of 
the as-prepared NSBC amounted to 22.80 nm 
based on FESEM, which conformed with the 
finding deduced from the XRD measurements. 

It is clear from Figure 5, which offers the 
EDX mapping of the CES-derived NSBC origi-
nating from the calcination of pristine CES that 
it was composed only of Ca and O. These out-
comes confirmed that the pristine CES was to-
tally transformed into CaO. This finding is also 
well-suited to the XRD analysis of the CaO cat-
alyst, which assured the presence of CaO phas-
es in its XRD pattern, which is in charge of the 
catalytic activity in the methanolysis reaction.

Figure 3. The XRD patterns of the CES-derived CaO catalyst

Figure 4. FESEM images of the CES-derived CaO catalyst
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Figure 5. EXX mapping of the CES-derived NSBC

Figure 6. Effect of the CSM and NSM conditions on the yield of BD using NSBC
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The CSM and NSM of mixed oils NSBC 

The CSM and NSM of mixed oils using the 
as-developed NSBC were accomplished, and the 
variables affecting the output of BD were opti-
mized, as offered in Figure 6 (a-e).

The amount of the NSBC implemented in the 
CSM and NSM of the oils mix varied from 1.0 to 
6.0 wt.%, while other conditions were kept un-
changed, as presented in Figure 6a. The BD output 
increased with the increment of the NSBC amount 
via both routes. This outcome suggests that in-
creasing the NSBC amount used in the methano-
lysis reaction will be associated with an increment 
in the active sites responsible for the reaction, lead-
ing to a better transformation of the parent mix of 
lipids into its corresponding ester (Fadhil et al., 
2020). Based on the outcomes presented in Figure 
6 (a), the CSM exhibited the highest yield of BD 
using a 4.0 wt.% of the NSBC, while the NSM pro-
duced the highest output of BD using 5.0 wt.% of 
the NSBC. Such a consequence could be ascribed 
to the co-solvent (n-hexane), whose presence with-
in the methanolysis medium diminishes the oil’s 
viscosity besides lowering the mass transfer limita-
tions between the methanol and oils blend, leading 
to a better consequence (Saeed et al., 2021). These 
outcomes follow those established elsewhere (Fad-
hil et al., 2020). Nevertheless, the implementation 
of a higher dosage of the NSBC causes soaps for-
mation, increases the transfer resistance, and re-
tards the methanolysis reaction rate, leading to a 
lower output of BD (Chanakaewsomboon et al., 
2020; Bai et al., 2022).

Evaluating the impact of the methanol: oil mo-
lar ratio on the BD yield was carried out by con-
ducting multiple experiments using varied metha-
nol: oil molar ratios (3:1 to 18:1) while keeping 
other settings fixed, as shown in Figure 6b. From 
this figure, the output of BD was enhanced by in-
creasing the molar ratio of methanol to lipid using 
both approaches. For the CSM, the highest pro-
duction of BD was obtained at a 9:1 molar ratio 
compared to 12:1 for the NSM. The cause behind 
these outcomes ascribes to the cosolvent, which in-
creases the solubility of the blend in methanol, thus 
enhancing the reaction yield (Fadhil et al., 2020; 
Saeed et al., 2021). Nonetheless, beyond the typical 
molar ratio of methanol, a decline in the BD out-
put was noticed as a consequence of the difficulty 
of separating BD and glycerin phases via gravity 
besides supporting the reverse reaction than BD 
creation (Fadhil et al., 2019; Ambat et al., 2020). 

Also, further amounts of alcohol will increase the 
production cost of BD (Fadhil et al., 2020). The 
obtained outcomes align with those established by 
other researchers (Ambat et al., 2020).

Although there are positive merits to involving 
the cosolvent within the reaction medium, its typi-
cal amount has to be optimized. As such, the weight 
percentage of cosolvent: oil involved in the metha-
nolysis process was optimized by trying multiple 
percentages of hexane: oil (10–50% w/w), while 
other settings were preserved unchanged, as offered 
in Figure 6c. The latter showed an increment in the 
BD output when the amount of hexane increased 
from 10.0 wt.% to 40.0 wt.%, due to the use of the 
further amount of hexane will dilute the oils blend 
and thus diminishing its viscosity besides enhanc-
ing the interaction between the reactants, resulting 
in a decrement in the mass transfer resistances be-
tween the two phases (Fadhil et al., 2020; Saeed et 
al., 2021; Ambat et al., 2020; Singh et al., 2017). 
The typical ratio of hexane to methanol was 40.0 
wt.%, as it produced the highest output of BD while 
trying higher ratios diminished the BD yield as an 
outcome of the dilution effect of the reactants (Fad-
hil et al., 2020; Ambat et al., 2020).

Inspecting the temperature’s influence on the 
BD output produced via both CSM and NSM was 
accomplished at multiple temperatures (30 °C, 
40 °C, 50 °C, 60 °C, 65 °C, and 70 °C). At the 
same time, other variables were preserved un-
changed, as depicted in Figure 6d. The BD yield 
improved with the increment of the methanoly-
sis temperature, due to rising temperature will 
be accompanied by a decrement in the system’s 
viscosity, leading to a better collision among the 
reactants species, and thereby, the BD enhanced 
(Fadhil et al., 2020; Saeed et al., 2021). Nonethe-
less, the CSM exhibited the highest oils mix con-
version into BD at 60 °C compared with 65 °C for 
the NSM. This outcome ascribes to the occur-
rence of cosolvent (hexane) in the reaction me-
dium, which enhances interaction among the re-
actants by lowering the viscosity of the reactants 
(Saeed et al., 2021). However, temperatures 
above the typical ones caused a decline in the 
BD output owing to the saponification reaction 
of the oils blend in addition to the possibility of 
methanol and cosolvent evaporation, leading to 
a diminish in the BD yield (Fadhil et al., 2020; 
Ambat et al., 2020).

Various durations (30–180 min) were tried upon 
the CSM and NSM of the oils mix using the NSBC 
derived from CES, while other parameters were 
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kept at their typical values. The outcomes presented 
in Figure 6e disclosed that the BD output enhanced 
using both routes while extending the methanolysis 
period. The CSM showed the highest conversion of 
mixed oils into BD at 90 min, compared with 120 
min for the NSM. However, prolonging the process 
duration was accompanied by a decrement in the 
BD output due to the hydrolysis of the formed BD 
into soaps and free acids (Fadhil et al., 2020). The 
recombination of the glycerin with BD by extend-
ing the methanolysis duration is possible, leading 
to a decline in the BD output (Fadhil et al., 2020). 
A similar trend was announced by several authors 
during the CSM and NSM of various lipids in the 
literature (Fadhil et al., 2020).

1H NMR, FTIR, and TLC analysis of BD 

Transformation of the said mixture of oils 
into BD using the so-developed NSBC was con-
firmed by various techniques, including 1H NMR 
and FTIR spectroscopy, besides the TLC tech-
nique. 1H NMR spectroscopy was implemented 
for the qualitative analysis of BD. Figure 7 of-
fers the spectra of BD synthesized via CSM of 
mixed oils using the NSCB. The transformation 
of mixed oils into BD employing the NSBC was 
confirmed as an outcome of the occurrence of 
α-CH2 and CH3O protons at 2.25 and 3.62 ppm, 
respectively. Following Equation 2, the transfor-
mation of mixed WCO+WMO into BD under the 
optimal conditions of the CSM process amounted 
to 96.96%. 

The most important functional groups in the 
pristine oils blend, and its derived BD sample 
produced under typical experimental conditions 
were analyzed using FTIR spectroscopy (Fig. 8). 
The FTIR spectra of the authentic blend and its 
derived BD indicated that the authentic feed and 
its derived BD were almost similar because they 
revealed the same distinguishing peaks, except 
the BD, which disclosed the occurrence of func-
tional peaks of relating to the methyl ester. Gener-
ally, the blend showed absorption peaks between 
2923–2853 cm−1, attributing to the aliphatic C–H 
bond symmetric and asymmetric starching vibra-
tions (CH2 and CH3). Also, the bending vibrations 
of the aliphatic C–H bond (CH2 and CH3) could be 
seen between 1436 –1237 cm−1. The C–O stretch-
ing vibration of an ester group could be the absorp-
tion band located between 1160 –1033 cm−1. The 
C=O stretching vibration of an ester was also 
detected in the FTIR spectra of the oils mix and 
was seen at 1743 cm−1 (Bai et al., 2022; Fadhil 
et al., 2019; Banerjee et al., 2019; Elgharbawy et 
al., 2021). In the case of BD, the same functional 
groups were also detected with a variance in the 
intensity of some peaks to higher or lower wave-
numbers, like the C=O group, whose intensity 
lessened to 1741 cm−1. The characteristic peak, 
absent in the pristine feed spectrum but detected 
in the BD spectrum, was located at 1436 cm−1. 
The occurrence of this band in the BD spectrum 
assured that the as-synthesized NSBC was effec-
tive in converting the parent mixed oils into its 
corresponding FAME (Fadhil et al., 2019; Ba-
nerjee et al., 2019; Elgharbawy et al., 2021). The 

Figure 7. 1HNMR spectra of the resulting BD
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Figure 8. FTIR spectra of the oils blend and its derived BD

Figure 9. TLC images of the oils blend and its derived BD
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absorption bands detected in the BD spectrum of 
the resulting BD were compatible with those es-
tablished for BD samples produced from various 
lipids in the literature (Fadhil et al., 2019; Baner-
jee et al., 2019; Elgharbawy et al., 2021). 

The TLC image of the parent mix of oils and 
its derived BD is depicted in Figure 9, which dis-
closed that three main spots could be detected in 
the feed at multiple flow rates (Rf = 0.08, 0.30 and 
0.61 cm). These spots refer to the fractionation of 
pristine oils blended into mono-, di- or triglycer-
ides, in addition to FFA. On the contrary, the BD 
exhibited one spot at various rates of flow (Rf = 
0.70 cm), which could be another piece of evi-
dence of the transformation of the pristine lipid 
into BD (Fadhil et al., 2019).

Comparison of typical activity of CaO 
nanocatalyst with other SBC samples 

Table 1 lists a comparison of the conditions at 
which the highest output of BD was produced in 
this study with those of other SBC samples in the 
literature. From this table, the conditions required to 
produce the maximum yield of BD using the CaO 

nanocatalyst prepared in this study from CES were, 
in most cases, superior to those needed to exhibit the 
highest conversion of various lipids into BD. Here, 
these findings can be ascribed to several causes, in-
cluding the type of lipid used in BD preparation and 
its acid value, the surface area of the CaO catalyst, 
the type of precursor used in the creation of CaO, 
and the type of the TE process (cosolvent-assisted or 
non-solvent). It can be seen through this study that 
among the main parameters that led to the produc-
tion of higher output of BD is the presence of co-
solvent, which played a positive role in achieving 
the highest conversion of mixed WCO+WMO into 
BD at mild conditions compared to other types of 
CaO catalyst. As we stated earlier, incorporating the 
cosolvent within the TE reaction medium has many 
merits, including increasing the solubility of the lip-
ids in methanol. It also diminishes the oil’s viscos-
ity and lowers the mass transfer limitations between 
the methanol and oils blend. All these causes led to 
the production of high BD yield at mild conditions 
compared to those needed to yield the highest out-
put of BD without cosolvent. 

Table 1. The catalytic activity of NSBC compared with other SBC samples in the literature

Oil Catalyst
Conditions

Yield (wt.%) Ref.
Cat. %; Methanol: oil; Temp.; Time; Cosolvent %

Palm oil CaO from reiver snail 
shells 10.0; 12:1; 65 °C; 90 min; 10.0 acetone 98.0 Roschat et al., 

2016

WCO CaO from reiver snail 
shells 3.0; 6:1; 65 °C; 180 min; 0.0 80.0 Kedir et al., 2023

WCO CaO/Al2O3 4.0; 12:1; 65 °C; 300 min; 0.0 98.60 Zabeti et al., 2009

Soybean oil CaO from Mussel 
shell 4.0; 12:1; 60 °C; 480 min; 0.0 94.0 Rezaei et al., 2013

Soybean oil CaO from reiver snail 
shells 12.0; 24:1; 65 °C; 120 min; 20.0 acetone 98.0 Laskar et al., 2020

Palm oil CaO from Ostrich ES 8.0; 9:1; 60 °C; 60 min; 0.0 92.70 Wasserstein and 
Lazar, 2016

Palm oil CaO from Freshwater 
bivalve mussel shell 4.0; 10:1; 60 °C; 300 min; 0.0 90.0 Madhuvilakku et 

al., 2013
Sunflower oil CaO-ZnO 2.0; 10:1; 60 °C; 240 min; 0.0 97.50 Lau et al., 2016

Palm kernel oil CaO-ZnO 10.0; 30:1; 60 °C; 60 min; 0.0 94.0 Peng et al., 2018

WCO+WMO K2O-CaO 
nanocatalyst 5.0; 6:1; 60 °C; 60 min; 40.0 96.96 This study

Table 2. Fuel features of the BD samples compared with those of the parent feed
Property ASTM D-6751 Oils Blend BD from CSM BD from NSM

D at 15.6 °C (mg/L) 0.860–0.894 0.9188 0.8845 0.8921

KV (40 °C, mm2/sec) 1.9–6.0 23.65 3.59 3.98

FP (°C) > 120 191.0 120.0 140.0

PP (°C) – < -10.0 < -10.0 < -10.0

AV (mg KOH/g) ≤ 0.5 1.21 0.20 0.23
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Fuel properties of BD samples

For BD to be employed as an alternative to 
diesel fuel, its fuel properties, like those tabulated 
in Table 2, must conform to those established by 
the ASTM D6751 requirements. Accordingly, 
these properties were measured and compared 
with the parent oils blend.

It is apparent from Table 2 that the CSM and 
NSO of the oils blend using the as-synthesized 
NSBC were able to positively alter the authentic 
features of the parent mix of oils. The D values 
for BD samples were below those measured for 
the authentic feed. Similarly, the KV values were 
much below those observed for the native oils 
mix. The CSM lessened the D of the native oils 
mix by around 3.73% compared with 2.90% for 
NSM, while the reduction in the KV after the CSM 
of mixed WCO+WMO amounted to 84.8% com-
pared with 83.17% for the NSM. Such outcomes 
suggest that the atomization of the produced fuels 
will be easier. On the other hand, the FP of the 
parent mix of oils dropped by around 37.17% af-
ter the CSM compared with 26.70% for the NSM. 
The higher FP values for the BD sample suggest 
that they are safer than petrodiesel. Finally, the 
decrease in the AV of the pristine WCO+WMO 
through the CSM and NSM were respectively 
83.47% and 80.90%. According to the obtained 
findings, the NSBC developed was very effec-
tive in enhancing the fuel features of the parent 
mixture of oils through the CSM and NSM pro-
cesses so that these features conformed to those 
recognized by the ASTM standards, and thereby, 
the resulting BD samples could be employed as 
a successful alternative to petrodiesel. Also, ac-
cording to the outcomes tabulated in Table 2, the 
CSM caused an energetic drop in the fuel proper-
ties of the authentic oils blend compared to the 
NSM. These findings belong to the occurrence of 
the co-solvent within the reaction medium, which 
positively affects the TE reaction, as stated ear-
lier, which in turn led to a higher transformation 
of the oils mix into BD.

Reusability of the spent NSBC 

For economic and ecological concerns, the 
reusability of any SBC is a critical factor besides 
affecting the production cost of BD (Ashine et al., 
2023). Accordingly, the exhausted NSBC devel-
oped from the CES was regenerated and reused 
in the CSM of the oils blend for 5 cycles, and the 

experiments were carried out under the conditions 
presented in Figure 10. Findings presented in this 
figure indicated a diminish in the BD output with 
the increment of the reuse cycles. This reduction 
in the BD output might be ascribed to the posing 
of the catalytic active sites of the catalyst by the 
oil and glycerin molecules, resulting in a limited 
contact area between the reactants and active sites 
of the catalyst, and thus declined the BD yield (Yu-
suff et al., 2021). Also, the repeated washing of the 
spent catalyst to get rid of the oil species from the 
catalyst pores, besides calcination, caused a dec-
rement in the number of active sites available for 
the reaction, thereby lessening the output of BD. 
Furthermore, the repeated washing of the spent 
catalyst with methanol in addition to the calcina-
tion will leach calcium-active species from the cat-
alyst surface, thus decreasing the BD yield (Pandit 
and Fulekar, 2019). Results indicate that CaO from 
consumed CES could be utilized as an ecofriendly 
catalyst for the production of BD.

CONCLUSIONS

This work accomplished the cosolvent meth-
anolysis (CSM) and non-solvent methanolysis 
(NSM) reaction of mixed WCO+WMO using the 
NSBC developed from CES after being calcinied 
at 850 °C for 2 h at a 10 °C/min rate of heating. 
Diverse techniques identified the NSBC, and the 
outcomes disclosed that it had a BET surface 
area of 11.47 m2/g and an average pore diameter 
of 8.12 nm, suggesting its mesoporous structure, 
which is helpful for the methanolysis reaction of 

Figure 10. Reusability experiments of the regenerated 
NSBC
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lipids. The CSM of the oils blend produced the 
highest output of BD (91.12%) using 4.0 wt.% of 
the NSBC, 9:1 methanol: oil molar ratio, 40 wt.% 
of cosolvent, 60 °C, and 1.5 h, while the NSM of 
the oils blend produced the highest yield of BD 
(84.55%) at 65 °C for 2 h using 5.0 wt.% of the 
NSBC and 12:1 methanol: oil molar ratio. Analy-
sis of BD employing FTIR spectroscopy and TLC 
technique confirmed the oil blend transformation 
into BD. Quantifying mixed oils transforma-
tion into BD amounted to 96.96% based on the 
1HNMR spectroscopy measurements. Besides, 
the fuel properties of the resulting BD conformed 
to those established for the ASTM D-6751 BD. In 
conclusion, the NSBC catalyst could be utilized 
as an effective catalyst for the methanolysis re-
action of lipids. Also, the presence of cosolvent 
within the reaction medium effectively reduced 
the experimental conditions required to achieve 
the highest transformation of the oils blend into 
BD compared to the NSM process.
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