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INTRODUCTION

Hydrocarbon fuels are vital energy providers in contem-
porary living [1]. However, the demand for fuel is increasing
rapidly worldwide. Economical and sustainable energy sources
are regarded as crucial features of modern society. Non-renew-
able energy sources, like petroleum and coal, are being depleted
at an alarming rate due to their widespread use. Also, the surge
in vehicles has led to environmental degradation and health
problems due to greenhouse gas and other pollutant emissions.
Biodiesel has been considered a viable energy reservoir over
the last decade. The diesel engine generates black carbon soot,
which is toxic to the environment, but biodiesel is a clean fuel.
Biodiesel can be employed in its unadulterated state or
combined with conventional petroleum fuel, from additive
levels to 100%, to improve the engine’s efficiency and minimize
gaseous emissions. The harmful emissions get reduced when
blended with biodiesel and are related to the amount of bio-
diesel in blend.

Fatty acid methyl esters are the best substitutes for
traditional fossils, which are cost-effective as well as a potential
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The advancement of mixed metal oxide catalysts has attracted considerable attention among various workers. Supported MoOx catalyst |
materials possess more Lewis and Brgnsted acid functionalities which assist in the efficient biodiesel production. In this study, ammonium |
molybdate and Li* were loaded over eggshells-derived calcium oxide to transesterify the frying oil/waste cooking oil (WCO) to produce
biodiesel/fatty acid methyl ester (FAME). Characterization techniques i.e., X-ray diffraction (XRD), scanning electron microscopy (SEM) |
and Fourier transform infrared spectroscopy (FTIR) analysis were employed to confirm the material. The surface modelling predicted the |
transesterification reaction parameters. The optimal condition to transesterify WCO with synthesized Mo/Li/CaO catalyst was 6 wt.% |
catalyst dose, 13.70:1 ratio of methanol:oil (m/o), time of 1 h and 60 °C temperature. The optimum FAME yield of 97% was observed. The |
gas chromatography-mass spectroscopy (GC-MS) and other spectroscopic techniques were used to analyze produced FAME. The reusability |
of catalyst was good and the catalyst can be reutilized effectively up to a limit of 5 runs. By leveraging this innovative catalyst derived
from eggshells, this study contribute to a more sustainable and cost-effective biodiesel production process. I
|
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energy source for the future due to their ecological advantages
like renewability, sustainability, low inflammability, decompo-
sability, high flash point, high combustion efficiency and non-
toxicity [2]. Various edible oils like soybean, rapeseed, palm,
coconut and olive oil and so on and inedible oils like rubber
seed oil, jatropha, Karanja, castor oil, efc., have been utilized to
generate FAME. Others, like used vegetable oil and oil derived
from microalgae, efc. have also been utilized for biodiesel gene-
ration [3,4]. Vegetable oil is mainly utilized in methyl ester
production because it is easily accessible but increases the price
and demand for edible oils. Waste cooking oil (WCO) can be
sourced from various origins like residential households, restau-
rants and industries. The disposal of WCO raises specific prob-
lems, e.g. blockage of pipes when the oil solidifies [5]. Using
WCO in biodiesel production reduces the government’s work in
waste management and protects the environment. The properties
of WCO vary significantly from those of crude oils [6].
Recently, heterogeneous catalysts have demonstrated imm-
ense capability in generating biodiesel due to their elevated
efficacy and abundant accessibility [7-9]. Moreover, it is asso-
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ciated with the minimal expenditure of catalyst owing to its
recyclability, the absence of effluent generation, low suscepti-
bility to corrosion and easy washing methods. Homogeneous
catalysts have certain drawbacks, like difficulty in the catalyst
separation and extended time [ 10,11]. So, researchers have moved
towards synthesizing biodiesel from cheap biodiesel feedstock
and inexpensive heterogeneous catalysts involving simple and
environment-friendly methods. As mentioned [ 12], using molyb-
denum oxide (MoOx) catalysts offers financial and environ-
mental benefits. The present work examines the methyl ester
synthesis derived from WCO utilizing ammonium molybdate
and Li* loaded over eggshells-derived calcium oxide. CaO has
been extensively used owing to its economical cost and alkaline
nature and it is attainable from various raw materials. However,
various problems persist that need to be addressed to enhance
the catalytic characteristics of this substance. As an illustration,
the catalytic regions might undergo deactivation or pollution
through CO, and absorption of water molecules.

Additionally, the CaO regions exhibit diminished efficacy
in unesterified fatty acids and have the potential to seep into
the biodiesel, resulting in the formation of alkoxides that are
regarded as effective in biodiesel production. However, leac-
hing of CaO does contaminate the methyl ester content and
reduces the recyclability of catalyst. The alkaline behaviour
of the reactive regions is linked to the outer layer ions with weak
coordination, which are susceptible to alteration through the
calcination process [13]. Moreover, lithium is also introduced
in the CaO framework to increase the alkalinity of calcium oxide.
The material was confirmed by characterization techniques,
i.e., XRD, SEM and FTIR studies. Response surface method-
ology (RSM) was used in the experimental setup to optimize
conditions for the highest biodiesel output.

EXPERIMENTAL

Ammonium molybdate tetrahydrate (NH4)sMo0,0,4-4H,0,
methanol (99.0%) and anhydrous LiOH were procured from
Rankem, India. Hexane (95%) was obtained from Sigma-Aldrich,
USA. All reactants and solvents were employed without prec-
eeding distillation. Waste cooking oil (WCO) was obtained from
the canteen inside Banasthali premises and utilized as a raw
material for methyl ester generation. The initial step involved
filtering the WCO to eliminate the food impurities and then
the WCO was heated to eliminate water particles. The saponifi-
cation value, density, acid number and free fatty acid content
(FFA) of the used cooking oil are specified in Table-1.

TABLE-1
PROPERTIES OF WASTE COOKING OIL (WCO)
Properties Experiment value
Saponification value (mg KOH/g) 227
Density at 15 °C (kg/m?) 0.86
Free fatty acid (FFA, %) 0.84
Acid number (mg KOH/g) 1.68

Preparation of catalyst

Synthesis of calcium oxide from eggshells: The waste
eggshells were initially cleaned with water and then desiccated

at 120 °C for 24 h. A mixer blender later pulverized the egg
coverings into powdery form. The powdery substance was then
calcinated for 3 h at 900 °C. Subsequently, the powder was
immersed in water for 6 h. Following this, a drying span lasted
24 h at 120 °C. The obtained CaO was then heated for approxi-
mately 3 h at 600 °C through a calcination process and kept in
storage for further utilization [14]. Then, a mixture was mixed
by combining 10 g of CaO with 80 mL of distilled water followed
by the addition of 10 mL of 1-4 wt.% ammonium molybdate
solution. Then, 330 mg of LiOH were then introduced into the
solution. The blend was agitated for 7 h at ambient temperature,
further heated at 120 °C for an entire day and lastly subjected
to calcination for 4 h at 700 °C [15].

The adequate duration of the calcination facilitates the even
distribution of metal oxides with numerous reactive regions.
Upon calcination, compounds from the raw materials and
surface-bound molecules, such as water molecules, hydroxyl
compounds and carbonated compounds, disintegrate from the
specimen upon contact with the surroundings. Moreover, the
metallic components in the unoccupied positions display an
electron deficit and tend to be highly drawn toward oxygen
atoms with excess electrons. The calcination temperature of
700 °C was chosen since molybdenum trioxide formation
occurred at this particular temperature [ 16]. Navajas et al. [16]
with MoOs and molybdenum oxide impregnated on alumina
for biodiesel synthesis through transesterification of large
unbound fatty acid levels present in oil, it was observed that
MoO; was found as a blend of crystal structures (in both
monoclinic and orthorhombic forms) at this particular temp-
erature. Moreover, the porosity and surface properties were
reported to be high when the samples were calcined at 700 °C.
Supported MoOx catalyst materials and bulk molybdenum
oxide possess Lewis and Brgnsted acid functionalities. Still, they
are significantly more prevalent and potent in reinforced catalyst
materials because they can produce large biodiesel yields [17].

Catalyst characterization: XRD data was acquired from
the X’ Pert Pro instrument, employing CuKo radiation. The
data collection spanned a 26 range from 10° to 90° and the
scanning speed was configured to 2°/min. The compounds were
recognized by contrasting the obtained scattering patterns with
the reference data. FTIR analysis was conducted using a spectro-
meter in 4000-400 cm™ region.

Transesterification procedure: The experiment occurred
in a three-necked flask with a condensing unit, temperature
gauge, oil bath and stirring magnet. The catalyst was introduced
into the round bottom flask alongside the calculated quantity
of methanol and then the mixture was stirred consistently.
Then, 25 g of WCO was added into the blend and agitated at
room temperature. For optimization, catalyst dose, time and
the ratio of methanol:oil were varied for the highest response.
The catalyst was subsequently separated through filter paper
and any excess methanol was eliminated through heating. The
filtered solution was decanted into the separatory funnel and
stood uninterrupted for 24 h. The lower phase was discarded
and the substance in the upper layer was washed with warm water.
The conversion was calculated by applying the Knothe equa-
tion [18]:
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2I(methoxy) %100

FAMEs yield (%) =
3I(methylene)

The integration measurements of methylene at 2.3 ppm
and methoxy at 3.6 ppm are represented as Imewmyiene) AN Iimethoxy)s
respectively [19].

Experimental design and data analysis: The synergistic
impacts of various parameters in the transesterification reaction
were investigated. These parameters included reaction time
(spanning 30 to 120 min), catalyst concentration (ranging from
2-8 wt.%) and the alcohol to oil ratio (ranging from 8.14-16.02
m/m). This exploration was conducted utilizing a statistical
method. Central Composite Design (CCD) was used in the
experimental setup to optimize conditions for the highest bio-
diesel output. The factors considered for this design were the
molar ratio of m/o (labelled as ‘A’), catalyst dose (labelled as
‘B’) and the duration of the reaction (Iabelled as ‘C’) (Table-2).
These three factors served as independent inputs. The Design
Expert software determined two o values at their highest points.
These values represent the parameter’s extremes: one corres-
ponds to the smallest value, i.e. (-) o and the other corresponds
to the largest value, i.e. (+) o. The trial version of Stat-Ease
software was employed for various analytical tasks. The accu-
racy of the expected model was assessed via analysis of vari-
ance (ANOVA). In this process, the obtained values were expe-
cted to align in a linear pattern on the normal probability plot.

RESULTS AND DISCUSSION

Catalyst analysis

XRD studies: The X-ray structural analysis patterns of
eggshells derived from CaO, Li/CaO and 1-4 wt.% Mo impreg-
nated Li/CaO are depicted in Fig. 1. The strong diffraction
peaks at 20 values of 34.74°,47.56°,51.56°,29.13° and 18.56°
confirmed the presence of CaO. The peak at a 20 value of 50.86°
indicated that the impregnation of lithium distorts the CaO
structure. For molybdenum content reaching 2 wt.%, the impre-
gnation onto Li/CaO support revealed faint diffraction patterns.
This occurrence underscores the effective distribution of moly-
bdenum species over the Li/CaO support. A 1% Mo/Li-CaO
catalyst demonstrated almost the same diffractograms in contrast
to 2, 3 and 4% Mo/Li-CaO catalysts. At 1 wt.% and 3 wt.%, an
intense peak was seen at 20 values of 54.35°, which showed the
formation of CaMoOQ; species and larger particle dimensions.
This indicated that the infusion of Mo elevated the crystalline
arrangement of the Li-CaO catalyst. The peak intensity was
reduced at high molybdenum loading of 4 wt.% due to diminis-
hed acidic site availability, confirming its low reactivity towards
transesterification reaction. It was also observed that 20 values
at 18.6° 10.7° and 34.2° were absent, corresponding to ammonium
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Fig. 1. XRD patterns of CaO, Li/CaO and 1-4 wt % Mo/Li/CaO

Intensity (a.u.)

molybdate species (JCPDS card no. 23-0784) in the calcined
samples.

SEM studies: Fig. 2a-b depicts the SEM image at different
magnifications of the 3-Mo/Li-CaO catalyst. A strong and erratic
distribution of aggregates without distinct forms was observed.

FTIR studies: The FTIR analysis was conducted to iden-
tify the chemical moieties contained in the synthesized catalysts.
The FTIR spectral of CaO, Li/CaO and 3-Mo/Li/CaO are shown
in Fig. 3a-c. The infrared spectral band at 876.59 and 1422.87
cm’ aligns with the resonance of carbonate ion (CO;™). The bands
at 3637.29, 3747.44 and 3641.81 cm™ represent the absorption
of H,O. The band at 637.66 cm™ relates to Li-O bond stretching.
The bands at 1694.06 and 2365.63 cm™ validated the existence
of lithium and the band at 869.76 cm™ confirmed the loading
of Mo on the Li/CaO support.

Catalyst’s performance

Impact of impregnated molybdenum species concen-
tration: Several catalysts were synthesized with molybdate
species ranging from 1-4 wt.% to identify the ideal molybdenum
amount for Mo/Li/CaO reactivity. The transesterification process
was conducted at 60 °C for 1 h employing a ratio of m/o of
13.70:1 and 4 wt.% catalyst dose. The performance of catalyst
was enhanced with increased Mo amount to 3 wt.%. An addi-
tional increase in the Mo loading (4 wt.%) lowers the catalytic
activity. Hence, 3 wt.% was chosen as the optimal loading of
molybdenum (Fig. 4). The XRD also confirmed that increasing
molybdenum loading beyond 3% diminishes the peak intensity
at a 20 value of 54.35°, thus reducing catalytic activity in the

TABLE-2
DESIGNATED INTERVAL AND DISTINCT FIGURES OF THE INDEPENDENT
VARIABLES WERE UTILIZED IN THE CENTRAL COMPOSITE DESIGN

Name -)a Minimum Maximum +) o
Ratio of methanol:waste cooking oil (A) (m/m) 5.4374 8.14 16.02 18.7063
Catalyst dose (B) (wt.%) -0.0453785 2 8 10.0454
Time (C) (min) -0.680677 30 120 150.681
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Fig. 2. SEM image at different magnifications of the 3-Mo/Li/CaO catalyst

transesterification reaction. The higher molybdenum loading
obstructs the catalytic centers on the Li/CaO support, which
profoundly impacts the response.

Response surface methodology (RSM) optimization:
The three-dimensional plots were generated utilizing the quad-
ratic function derived from the regression analysis of experi-
mental outcomes. This was achieved by maintaining a constant
temperature and one of the input variables while varying the
other two variables. Reactions were carried out following the
CCD methodology using Design Expert. This involved changing
input factors like the m/o ratio (labelled as ‘A’), catalyst dose
(labelled as ‘B’) and the duration of the reaction (labelled as
‘C’). The aim was to assess their influence on the production of
biodiesel. A total of 15 runs were used to determine the three
factors involved in the reaction, keeping one constant, i.e.
temperature. The factors encompass the reaction duration (span-
ning 0.5 to 2 h), catalyst concentration (ranging from 2 to 8
wt.%) and the m/o ratio (ranging from 8.14 to 16.02 m/m). The
temperature was controlled at 60 °C across all runs and the
model showed statistically significant results (Table-3).

The regression model ideally reveals the connection bet-
ween the observable and explanatory factors. The viability of
examining the impact of variables backed by the empirical data
is effectively demonstrated in this model. Following numerous
attempts to fit the observed data into regression functions,
formulated analytical tools with a straight-line interplay of
operational variables yielded inadequate fit with a deficient
value of determination coefficient, rendering it incapable of
elucidating the entire empirical dataset. Ultimately, the poly-
nomial model with a linear relationship of operational variables
was deemed suitable after assessing a range of potential models
and the best-fit regression formulation derived from the empi-
rical observations. The empirical data underwent several regre-
ssion assessments to ensure a precise prediction of the possible
biodiesel quantity, culminating in the formulation of a non-linear
fitting equation as displayed in eqn. 1. The reliability of model
was assessed utilizing the determination coefficient (R?), resul-
ting in a value of 0.9882, as depicted in Table-4. It suggested
that the proposed model accounts for 98.82% of observed data,
with a less than 2% of the overall discrepancies in the equation

TABLE-3
MODEL-PREDICTED AND OBSERVED DATA OF BIODIESEL RESPONSE
Origin S i e el Average square Fischer F-ratio P-value
squares freedom

Model 2930.84 9 325.65 61.15 0.0031 Significant
A-Ratio of m/o 176.12 1 176.12 33.07 0.0104
B-Catalyst amount 694.67 1 694.67 130.44 0.0014
C-Reaction duration 1120.23 1 1120.23 210.35 0.0007
AB 435.12 1 435.12 81.70 0.0029
AC 36.12 1 36.12 6.78 0.0801
BC 28.12 1 28.12 5.28 0.1052
A? 7.23 1 7.23 1.36 0.3282
B? 0.71077 1 0.7107 0.1334 0.7391
c 0.7831 1 0.7831 0.1470 0.7269
Residual 15.98 3 5.33
Cor total 2946.81 12




Asian J. Chem.

2322 Kakkar et al.

— 8LV
— 06'€0L

— 1C028
— 659/8

— 98150}

— 101521

— CL09YL

— G8'L19)
— LLV0LL
— V8 YYLL

— 68'G/8)
— 89TT6)

— 2510l

— 198960

— 18'GY9C

— Y190
— 18'€18C

— 10’5662
— 819L0€
— GCE9LE

— £8'69¢
= (0C'€GEE
— G1'96EE
— T

—CV'LLGE

— BC'LE9E
— V1'189€

- 9L'6V.E
—— C7'808E

— VC9V6E

100.5 -L%R

100.0

I
0
o)
e

(%) @oueniwsuel]

I
Q
o
e

98.5

98.0

1000

1500

2000

2500

3000

3500

Wavenumber (cm™)

(b)

—09'/€9
—£8'889
—CTeyL
—0L6L
—62'198
—01C16
—8G'/96
—G19L0}
—18'8L0}
—8EVELL
— 08681

— 09727}
— eVl

—68'L1G)

—G08Y9)
— 90769}
—Y YLl

—G8LE8
—tlGl6l
—V9V66)

—0ELLT

—80€€CC

—£9'GOET

—8G°LGVC
—6E'GL5C

—Gl€L9C

—10'6/9C
—G9'¢eLC

—1861C

— 959682
—GEGHEL
—21100¢
——99°090¢
—68LIE
—GGLE
—2972t
——61982¢
——18G¥EE
—-olg6ee
ot

£7°905¢
||“N®.Bmm
~iSe%
=/~ 18'5v%€
Y ST
— e

——80'0V8E
— | 7'866€

99.5

99.0 -

(%) soueniwsuel |

98.5

1000

1500

2000

2500

3000

3500

Wavenumber (cm™')

©

— 9T

— 00618
— 9,698

- 075801

— 18T

— 796Y9L
— 07669}
— 8GEVLL

— YCGE8l

— 86'99€C

— 7£'066C

— 1879
— | G6/9E

— 8EBYLE

—— 66798E

-

100

I
@
(<]

I I I I
© < QA o
[} [} [} o))

(%) @oueniwsuel]

1000

1500

2000

2500

3000

3500

Wavenumber (cm™')
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Amount of molybdenum specie (wt.%)

0 20 40 60 80 100

Yield of FAME (%)
Fig. 4. Effect of the amount of molybdenum species on the yield of biodiesel

TABLE-4
FORECASTED AND MODIFIED R* VALUES OF THE MODEL
Std. Dev. 241 R’ 0.9882
Mean 74.03 Adjusted R 0.9763
CV. % 3.26 Predicted R? 0.9448

remaining unaccounted for. The adjusted determination coeffi-
cient of 0.9763 was obtained and this value reflects the effective-
ness of the formulated experimental model.

The goodness of fit or determination coefficient (R?) is a
numeric indication of the appropriateness of aligning the graphs
in straight-line analysis. The suitability of the fit becomes less
informative of the statistical analysis findings as the coefficient
of determination analysis reaches the minimum value of 0.
When the R-squared value is close to 1, it characterizes the
data sets closely aligned with the straight line and is considered
to represent the optimal interaction among the variables. The
regression model F-test suggested that the model is statistically
vital. It is evident that the factors within the linear variables
involving catalyst dose (B) and time (C) significantly influence
the FAME yield, attributed to their highest Fisher’s F-ratios/
F-values. A? (ratio of m/o) has the highest F-value, succeeded
by C* (time) and B (catalyst dose). The impact of time, catalyst
dose and ratio of m/o on FAME response is strongly indicated
to be illustrated through the linear factors due to the elevated
F-values.

Similarly, the collaborative factor involving catalyst dose
and the ratio of methanol to oil (AB) demonstrated significant
impacts on biodiesel response due to a high F-value of §1.70,
in contrast to the collaborative factor involving the m/o ratio
and time (AC) and catalyst dose-time (BC). The linear factor of
time displayed the most substantial numeric factor, suggesting
its robust influence on biodiesel response, followed by B (catalyst
amount) and A (ratio of m/o). The second-order coefficient, A%,
the linear term (C) and collaborative factors AC, AB and BC
negatively affected the biodiesel yield. The p-value provides
insights into the significance and magnitude of a mathematical
hypothesis. A lower p-value signifies the statistical significance

of single model parameters, with the least value represented
by (C), the linear factor of time, emphasizing that the variable
holds the utmost significance in contrast to other variables.
Matching numeric factors are deemed significant if the p-value
is below 0.05. The squared factors in this model, A%, B> and C*
with collaborative factors AC, AB and BC, emerged as insigni-
ficant model factors due to their p-values greater than 0.05.
Consequently, the predominant variable identified is time,
denoted as C, presenting the highest negative coefficient in
the square polynomial equation, the highest Fischer F-ratio
and the most minimal P-value.

Y=7483+359A+892B-11.33C-1.12A%+

0.4004 B> + 0.4203 C* - 7.37 AB-2.12 AC -

1.87 BC (hH
Y represents FAME response, with A, B and C symbolizing
the ratio of methanol:waste cooking oil, catalyst dose and time.
AC, AB and BC represent combined impacts; A%, B and C*
represent second-order variables. A positive coefficient in the
quadratic formula signifies a collaborative influence. It means
the outcome increases with the rise in the value of explanatory
variables. Conversely, a minus sign indicates the inverse effect,
where the output enhances as the value of the input variable
lowers.

Fig. 5 shows the typical probability plot. The residuals
align in a linear pattern indicated that the inaccuracies conform
to a normal distribution and demonstrate the suitability of the
non-linear regression model. Fig. 6 illustrates a graphical com-
parison between the outcomes of actual transesterification exp-
eriments and the results anticipated by the software. The graph
highlights a significant alignment between the essential data
entries and the projected values as evidenced by the response
values closely following the diagonal line. This close correlation
indicates a substantial concurrence between the empirical data
and the projections generated by the software signifying a robust
agreement.
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Fig. 7 represents the 3D and interaction graph of biodiesel
yield with catalyst dose and ratio of methanol:oil produced by
the Design Expert tool. The stoichiometric proportion of alcohol:
oil is a fundamental variable influencing the biodiesel yield,
aiming to improve the effects of blending and thermal exchanges.
The coefficients of the transesterification reaction distinctly
show that 3 moles of alcohol are required for each single mole
of lipid. Still, the biodiesel generation process necessitates

Biodiesel yield (%)

more alcohol to drive the biodiesel production. The biodiesel
yield increased as the catalyst dose and proportion of methanol
to oil increased. This is due to the favourable impacts these
variables exert on the outcome. The FAME yield increased
with the increase in catalyst dose owing to rise in reactive regions.
Given the reaction for biodiesel production can occur in a reverse
direction enhancing the quantity of alcohol results in a large
yield of biodiesel.

However, an escalation in the magnitudes of the factors
after a specific point results in a marginally decreased value
of biodiesel production. Excess solvent (methanol) hinders
the segregation of biodiesel and glycerol, reducing biodiesel
output. Additional methanol weakens the strength of the alcohol
(methanol) and the waste cooking oil, consequently diminishing
the reaction rate. The monoacyl and diacyl glycerides can blend
the stages of biodiesel, alcohol and glycerol enhancing the
backward reaction and diminishing the response.

The ratio of waste cooking oil to methanol remained
consistent at 1:12.08 to investigate the mutual influence of
variables (B and C). By enhancing the catalyst dose, the prod-
uction output of biodiesel was improved due to an increased
number of reactive species, which enhances the reaction rate
(Fig. 8). Using a smaller amount of catalyst in the transesteri-
fication reaction might lead to a reduced surface area, which
in turn leads a decrease in the biodiesel response. Similar results
were obtained with CaO-MgO catalyst employed in the methyl
ester production from non-edible oil; the maximum biodiesel
response of 93.55% was attained with 3.70 wt.% (catalyst),
115.87 °C (temperature), 3.44 h (time) and 38.67:1 (ratio of m/o)

100 — B: Catalyst dose (wt.%)

(b)

Biodiesel yield (%)

40~

| | I | |
8.14 10.11 12.08 14.05 16.02
A: Molar ratio of methanol to oil (m/o)

Fig. 7. (a) Three-dimensional and (b) Interaction graph of biodiesel yield with catalyst dose and m/o ratio
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Fig. 8. (a) Three-dimensional and (b) Interaction graph of biodiesel yield with catalyst dose and reaction duration

[20]. Throughout the reaction duration, the FAME yield was
diminished due to the initiation of a backward process. This
could suggest that the reaction achieved a state of equilibrium
at 60 min. Beyond this value, there was a negligible impact on
the biodiesel response.

Fig. 9 shows the three-dimensional and interaction graph
of biodiesel yield with reaction duration and the ratio of m/o.
The duration and m/o ratio impact was determined by maintain-
ing the catalyst dose at the mid-value (5 wt.%). An increase in
the ratio of m:o increases the FAME production when the time
is small. At minimum reaction time (30 min) and highest ratio
of alcohol to oil (16.02:1), a large FAME response was observed.
Moreover, with an increase or decrease in temperature, the
rising value of the ratio of ethanol to cottonseed oil had a
negligible impact on oil conversion to biodiesel. Increasing
the reaction duration reduced the performance. The optimal
reaction duration obtained in the present study is 1 h.

Characterization of biodiesel

'H and “C NMR studies: The "*C and '"H NMR spectra
of the produced FAME are displayed in Fig. 10. The signal at
4 3.67 ppm validates the formation of fatty acid methyl ester,
while a resonance at § 2.23 ppm emerged for methylene proton
signals [21]. The allylic protons resonated at 2-2.1 ppm; alkenes
exhibited signals. In 8 5.3-5.4 ppm range, diallyl carbons resona-
ted at § 2.7-2.8 ppm. The aliphatic methyl esters were identified
through the alkyl CH, protons resonating in the & 1.2-1.4 ppm
range. In *C NMR of WCO biodiesel, the peaks at & 174.06
ppm and J 129.86 ppm confirmed methyl ester formation and
the existence of unsaturation in ester. A peak at 8 13.98 ppm

indicated the terminal methyl carbon [22]. The distinct signal
of the lack of peaks between & 3.9 and & 4.5 ppm suggests the
absence of glycerol.

GC-MS studies: The GC-MS was performed to evaluate
the constituents of methyl ester. The existing reference data
identified the peaks of produced biodiesel. The sample was
inspected with an inert 5975 mass-selective detector for every
examination. The capillary column containing 5% phenyl and
95% dimethylpolysiloxane was employed with He as a carrier
gas. The column’s thermal profiling is specified, initiating
subjecting to heating at 160 °C for 3 min followed by the
commencement of temperature increasing from 160-230 °C,
with an advancing temperature gradient of 5 °C/min. It was
observed that methyl ester hexadecanoic acid has the most
significant peak area value of 50.80% (Table-5). The primary
components of biodiesel were hexadecanoic acid methyl ester,
methyl 9,12-octadecadienoic acid ester, cis-9-octadecenoic
acid methyl ester, stearic acid methyl ester, methyl docosanoate,
methyl eicosanoate, methyl octanoate, methyl tetracosanoate,
methyl cis-11-eicosenoic acid ester and methyl cis-epoxyoct-
anoate at retention time (RT) of 18.51, 20.51, 21.25, 21.33,
25.05,23.04,7.48,23.37,22.79 and 22.57, respectively. Fig. 11
shows the relative abundance of methyl esters with time.

Reusability studies of catalyst: Leveraging a heterogen-
eous catalyst in biodiesel production offers a significant benefit
in catalyst reusability, which minimizes the production cost
of biodiesel [23]. Studying catalyst reusability helps predict the
financial viability of commercial-scale methyl ester synthesis.
The synthesized 3-Mo/Li/CaO catalyst was recycled at the
optimized reaction conditions. After each cycle, the catalyst
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Fig. 10. ®C NMR (a) and "H NMR (b) spectra of synthesized biodiesel

was washed with n-hexane to remove impurities, remaining
glycerol and residual methanol. This washing was performed
three times to ensure complete elimination of glycerol. It was
then desic-cated at 120 °C and calcined at 700 °C for 3 h. This
empirical observation suggests that the synthesized catalyst can
be restored and effectively employed for industrial biodiesel

manufacturing. The production output diminished after 5 cycles
from 97% to 56.2%. This reduction in the catalytic efficacy of
catalyst can be ascribed to the leaching of lithium ions and
entrapment of the organic substances in porous framework. It
may be attributed to catalyst loss after the 5" cycle and disso-
lution of molybdenum species existing within Li/CaO [16].
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TABLE-5
COMPOSITION OF WASTE OIL-DERIVED BIODIESEL
RT Name of the compound m.w. Peak area (%)
18.51 Methyl hexadecanoate C,;H;,0, 270 50.80
20.51 Methyl 9,12-octadecadienoate C,oH;,0, 294 19.78
21.25 Methyl cis-9-octadecenoate C,oH;0, 296 17.28
21.33 Stearic acid methyl ester C,H350, 298 6.89
25.05 Methyl docosanoate C,;H,0, 354 2.36
23.04 Methyl eicosanoate C,Hy0, 312 1.28
7.48 Methyl octanoate CyH,40, 158 0.42
23.37 Methyl tetracosanoate C,H,,0, 340 0.41
22.79 Methyl cis-11-eicosenoate C,H,,0, 324 0.40
22.57 Methyl cis-epoxyoctanoate C,H,,0, 374 0.36
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