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Abstract: This study aims to prepare a supported catalyst based on zeolite Y doped with NaOMe
(sodium methoxide) for the transesterification of waste cooking oil (WCO). The catalytic screening
data showed that NaOMe/zeolite is a prominent catalyst for the transesterification of WCO prepared
by a solvent-free, ball-milling process. We initially tested 5–20% of sodium methoxide loading onto
zeolite Y and found that 20% is the optimum loading for the reaction. The transesterification reaction
required a comparatively lower methanol-to-oil mole ratio of 16:1 with the reaction temperature
as 60 °C. The ball-milled NaOMe/zeolite catalyst was characterized by BET surface area analysis,
FE-SEM, TEM, FT−IR, and XRD. The BET surface analysis revealed that the surface area for zeolite Y
was substantially decreased in the NaOMe/zeolite catalyst. The ball-milling process dropped the
crystallinity of zeolite Y, which can be seen from the XRD and FE-SEM images of both zeolite Y and
the NaOMe/zeolite catalyst. Finally, the transesterification reaction product was fully characterized
by 1H-NMR and viscosity analysis for biodiesel, glycerol, and the WCO. The chemical shifts for
the biodiesel and glycerol are found accordingly. This is also supported by the FT−IR characteri-
zation of biodiesel, glycerol, and WCO. It is noteworthy that a very high mass ratio of 250 g oil/g
NaOMe is obtained when converting WCO to biodiesel, indicating very high catalytic activity for the
aforementioned catalyst.

Keywords: biodiesel; transesterification; catalyst; sodium methoxide; 1H-NMR

1. Introduction

On 1 January 2016, the United Nations announced the first goal that we as humans
should pursue to transform our world so that each person gets the opportunity to expe-
rience health, justice, and prosperity by 2030 [1]. At the present time, as we are moving
forward to a technologically advanced future, our energy consumption has risen expo-
nentially [2]. Due to fossil fuels such as petroleum and diesel being nonrenewable energy
sources and contributing to the release of greenhouse gasses, researchers have started
siding with alternative energy sources [3–7].

Currently, waste cooking oil, the byproduct of many food industries, is mainly pro-
duced by the US, followed by China and then European countries. According to references,
the worldwide availability of WCO in the market is roughly 20 million tons per year [8].
Presently, developed countries are recycling waste products such as waste cooking oil
(WCO) to biodiesel not only as a means of proper waste management but also to decrease
their carbon footprint [8–10].

In the present day, there are two mechanisms used to convert WCO to usable biodiesel.
One method uses transesterification, and the other uses hydrotreating. The hydrotreating
process involves a specific catalyst operated under a very high temperature and pres-
sure of hydrogen gas, which is not economically friendly in comparison to transester-
ification [5,11–13]. Despite the fact that homogeneous catalysts are corrosive and their
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separation from the final product is a difficult process, they are widely used as a catalyst
for the transesterification of WCO [3,14]. Further investigation in this sector shows that
heterogeneous catalysts are more advantageous as the biodiesel and glycerol products can
easily be separated by phase separation [14–20]. The sediment of the catalyst can also be
reused again, thus being eco-friendly in nature and economically efficient.

During the process of frying, WCO with a triglyceride backbone experiences an ester
bond breakage at a high temperature, producing free fatty acid (FFA) [21–23]. The mois-
ture from the vegetables also results in the hydrolysis of triglyceride-producing FFA [24].
The presence of FFA in WCO and the use of a large amount of catalyst will lead to a
disadvantageous saponification reaction; hence, it is necessary to remove FFA before the
transesterification of WCO [3]. Zeolites are well known for their abilities of ion exchange
and reversible dehydration [16,25]. Hence, the pretreatment process for the removal of FFA
from WCO may be avoided while using a zeolite-based catalyst for the transesterification
reaction [16,26,27]. Zeolite Y has already been used for the transesterification of WCO;
however, only a maximum biodiesel yield of about 25% could be achieved [16,28].

Out of the many problems that the biodiesel industry is facing, the costly process
of pre-treating WCO and the inefficient production of biodiesel can be considered the
most significant ones [29]. The main purpose of this research work is to find a suitable
catalyst to make the conversion from WCO to biodiesel much cheaper and easier. Despite
the relatively large amount of NaOMe used as a catalyst for the production of biodiesel,
combining it with zeolite Y will make it more beneficial in wider aspects. Hence, we
propose a new catalyst, NaOMe/zeolite synthesized by a solvent-free, ball-milling process
for the conversion of WCO to biodiesel without the pre-treatment of WCO, which allows
us to successfully avoid saponification.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. Fourier Transform Infrared Spectroscopy (FT−IR)

To confirm the presence of both NaOMe and zeolite Y in the synthesized catalyst,
FT−IR analysis was performed, and the resulting peaks implied their incorporation.
The Fourier transform infrared spectra of the NaOMe/zeolite catalyst, NaOMe, and ze-
olite Y are depicted in Figure 1. The FT−IR, as shown in the figure, was obtained in the
region of 650–4000 cm−1 with 5 cm−1 of resolution to observe the structural vibrations
of zeolite Y and the doped NaOMe/zeolite catalyst along with pure NaOMe at room
temperature. The peak observed at 959 cm−1 indicates the presence of Si-OH and SiO-Al
bonds, as well as Al-OH bonds [30]. Additionally, it corresponds to the asymmetric and
symmetric stretching vibrations of the internal MO4 structure, where M refers to either silica
or aluminum [30]. The bands at 1132 cm−1 and 775 cm−1 correspond to the external MO4
structure’s asymmetric and symmetric stretching vibrations, respectively [30]. The peak
at 1362 cm−1 is attributed to the double-ring external link that is associated with the FAU
structure [30]. FT−IR analysis conducted on NaOMe revealed the presence of asymmet-
ric and symmetric C-H stretching vibrations at 2832 cm−1 and 2773 cm−1, respectively.
Furthermore, C-O stretching vibrations were visible at 1633 cm−1, and C-O-Na bending
vibrations occurred at 1433 cm−1. Additionally, the H-C-H wagging and rocking vibrations
were observed at 775 cm−1 and 881 cm−1, respectively. These vibrations are also present in
the NaOMe/zeolite catalyst.
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Figure 1. FT−IR spectrum of NaOMe/zeolite catalyst in comparison to NaOMe and zeolite.

2.1.2. X-ray Diffraction (XRD)

The crystallinity and diffraction pattern was confirmed by the pattern in the known
reference zeolite Y [31]. There is a drastic decrease in the crystallinity that was observed
in the ball-milled sample, which is supported by the SEM images in Figure 2. The loss of
crystallinity was also reported in the dry, ball-milling process of zeolite Y, which ultimately
resulted in nanoparticles [32]. This also occurred with the clay-based NaOMe catalyst [33].

Figure 2. XRD spectrum of ball-milled NaOMe/zeolite catalyst in comparison to zeolite Y.
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2.1.3. BET Surface Area

The surface area, half pore size, and cumulative pore volume of the zeolite Y and
NaOMe/zeolite catalysts are shown in Table 1. It is observed that the BET surface area of
zeolite Y, at 194.8 m2/g, was reduced to 157.3 m2/g for the NaOMe/zeolite catalyst. As the
catalyst was prepared by a solvent-free ball-milling process, the NaOMe can block the micro-
pores of zeolite Y, reducing the surface area. In addition, the reduced surface area is also due
to the presence of NaOMe inside the macropores of zeolite Y [26,34]. This is also supported
by the increased pore size for NaOMe/zeolite (5.692 Å) compared to zeolite Y (4.939 Å), as
well as the decreased cumulative pore volume for NaOMe/zeolite (0.606 cm3/g) compared
to that of zeolite Y (0.655 cm3/g). These are according to zeolite-doped catalyzed reac-
tions [35]. Figure 3 shows the cumulative pore volume versus the half-pore width of both
the zeolite Y and NaOMe/zeolite catalyst. We can see that the cumulative pore volume
gradually increased from 2.8 × 10−4 cm3/g/nm to 3.8 × 10−4 cm3/g/nm at a half-pore
width of about 37 Å for zeolite Y and NaOMe/zeolite, respectively. After 37 Å, there is a
steady decrease in cumulative pore volume with the half-pore width. It is observed that
the highest cumulative pore volume is assigned a half-pore width of 30–40 Å, whereas the
pore volume drastically decreases after a half-pore width of 60 Å.

Figure 3. Graph of the BET surface area and cumulative pore volume to half−pore width.

Table 1. BET surface area analysis of zeolite Y and NaOMe/zeolite catalysts.

Characterization Technique Zeolite NaOMe/Zeolite

BET surface 194.780 m2/g 157.274 m2/g

Pore volume 0.6551 cm3/g 0.606 cm3/g

Pore size 4.939 Å 5.692 Å

DFT pore volume 0.159 cm3/g 0.139 cm3/g

DFT surface area 62.989 m2/g 54.489 m2/g

Half pore width 15.846 Å 15.846 Å

2.1.4. Scanning Electron Microscopy (SEM)

SEM images were captured to analyze the morphology of the catalyst and its compo-
nents. The wt% of the chemical components in zeolite Y and NaOMe/zeolite are shown
in Table 2. It can be seen that the wt% of carbon and sodium was drastically increased
in the NaOMe/zeolite catalyst compared to zeolite Y, suggesting the optimum doping
of sodium methoxide inside the pores of zeolite Y [36]. The SEM image of the zeolite Y
used in catalyst synthesis is displayed in Figure 4, where its regular cubic shape can be
observed [34,36]. Figure 5 shows SEM images of the NaOMe/zeolite catalyst synthesized
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via ball milling. The difference in the structure of the catalyst and zeolite Y indicates the
incorporation of NaOMe.

Table 2. Elemental analysis of raw zeolite and synthesized NaOMe/Zeolite catalyst.

Chemical Components C O Na Al Si

Zeolite (wt%) 3.63 38.89 18.98 18.76 19.74

NaOMe/Zeolite (wt%) 11.66 40.89 33.41 6.82 7.21

Figure 4. SEM image of zeolite.

Figure 5. SEM images of NaOMe/zeolite catalyst synthesized via ball-milling process.
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2.1.5. Transmission Electron Microscopy (TEM)

Figure 6 depicts the TEM image of the zeolite Y used to prepare the catalyst in which
its hexagonal porous structure can be examined. The TEM image of the NaOMe/zeolite
catalyst synthesized through ball milling is shown in Figure 7. It appears that the porous
structure of zeolite Y is maintained in the catalyst with the incorporated sodium methoxide.
Due to the outer surface area only being a small part of the total surface area, the majority
of the active sites are inside the pores [36].

Figure 6. TEM image of zeolite.

Figure 7. TEM image of NaOMe/zeolite catalyst synthesized via ball-milling process.
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2.2. Catalytic Screening

To start with, we have synthesized a library of catalysts with NaOMe as one of the
active reagents using a ball-milling process. Recent reports on the use of molybdenum
oxide supported on Al2O3 for biodiesel production sparked our interest in using molybde-
num/tungsten supported on titanium dioxide or clay [37]. However, the transesterification
reaction of WCO using the above catalyst showed poor yield even after a 180 min reaction
(Table 3). It was also observed that NaOMe ball milled with zeolite Y was found to be a
promising catalyst for the transesterification of WCO. Moreover, blank tests were carried
out with zeolite Y and NaOMe, which also resulted in a poor biodiesel yield. The products
of these reactions can be seen in Figure 8.

Table 3. Catalyst screening for transesterification of WCO.

Sr. No. Catalyst Temp. (°C) Oil/Methanol
(Molar Ratio)

Time (min.) Estimated
Yield (%)

1 Zeolite 60 16:1 180 <10

2 NaOMe 60 16:1 180 91

3 NaOMe/zeolite 60 16:1 180 95

Figure 8. Phase-separated transesterification reaction mixture using catalysts: (a) zeolite, (b) NaOMe,
(c) NaOMe/zeolite, (d) WCO.

2.3. Catalyst Activity

To determine the optimum conditions for the transesterification reaction, where the
highest biodiesel yield is obtained and a clear product is formed with distinct phase
separation, kinetic studies were conducted with the NaOMe/zeolite catalyst. These tests
investigated the effect of several parameters, such as reaction time, reaction temperature,
methanol volume, and the catalyst amount concentration, on the biodiesel yield. The results
of our studies can be seen in the following graphs.

2.3.1. Effect of Methanol Volume on Biodiesel Yield

The biodiesel conversion of WCO as a function of the methanol volume used for
transesterification can be seen in Figure 9. Biodiesel production was found to be above
95% with methanol volumes of ≥4 mL, and saponification was observed when ≤2 mL.
An increase in the volume results in a higher biodiesel conversion due to it being necessary
for the prevention of the reverse reaction [38]. This is akin to the trend observed with
other catalysts [39]. At methanol volumes ≥5 mL, the biodiesel yield remains constant
and is likely to decrease due to the excess methanol, which inactivates the catalyst and
causes the reverse reaction to occur [33]. A yield of 96% was obtained with a methanol/oil
ratio of 16:1; a similar result using other catalysts requires either significantly more heat or
time [40,41].
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Figure 9. Effect of methanol volume on biodiesel conversion.

2.3.2. Effect of Catalyst Amount on Biodiesel Yield

Figure 10 shows the effect of wt% of NaOMe in Zeolite Y on the biodiesel yield. A very
high yield was observed at 15 wt% and 20 wt% due to the increased number of active
sites in the NaOMe/zeolite catalyst. As a homogeneous catalyst, 3–4 times the amount of
NaOMe is needed to achieve a similar yield [28]. In our reaction, 0.289 g of catalyst was
used, with a 2.1 wt% catalyst-to-WCO ratio, which means that only 0.058 g of NaOMe
loaded on Zeolite Y. However, when a reaction was conducted individually with 0.058 g of
NaOMe, the biodiesel yield drastically dropped to below 50%, suggesting the importance
of NaOMe loading onto zeolite Y.

Figure 10. Effect of catalyst amount on biodiesel conversion.

2.3.3. Effect of Time on Biodiesel Yield

The effect of the reaction duration on the biodiesel conversion of the WCO can be
observed in Figure 11. These tests were conducted under the following conditions: catalyst
amount of 20%, methanol volume of 5 mL, and a temperature of 60 °C. The biodiesel yield
remained relatively constant across the reaction times tested (30–180 min). This is likely
due to the progressive decrease in the number of active sites available over the period
of time as a result of catalyst deactivation [28,39]. At a duration of 30 min, we obtained
a yield of 96.3%, and this can be considered optimum due to its cost-effectiveness and
its comparatively higher biodiesel yield than other catalysts [42]. Furthermore, using a
prolonged reaction time may cause saponification or the reverse reaction to occur, thereby
reducing the WCO conversion [43].



Inorganics 2023, 11, 163 9 of 17

Figure 11. Effect of time on biodiesel conversion.

2.3.4. Effect of Temperature on Biodiesel Yield

In Figure 12, the influence of the reaction temperature on methyl ester biodiesel
production is displayed. Biodiesel production is constant from 50–70 °C and decreased at
80 °C. This may be due to the evaporation of methanol, which is necessary for the interaction
between WCO and the catalyst that leads to methyl ester conversion [44]. A corresponding
increase is also observed in other transesterification reactions [29]. The NaOMe/zeolite
catalyst at 60 °C showed a yield of about 97% in comparison to only zeolite Y as a catalyst
with a yield of approximately 25% [28].

Figure 12. Effect of temperature on biodiesel conversion.

2.4. Plausible Mechanism of Transesterification of WCO

We made a couple of attempts to recycle the catalyst for the biodiesel reaction; however,
the yield drastically dropped. This may lead to a misconception that the reaction is
occurring in a homogeneous pathway. However, in most of the available references for
NaOMe as a homogeneous catalyst, a 1–1.4 wt% NaOMe-to-oil ratio is required for a higher
biodiesel yield. However, in our case, only a 0.4 wt% NaOMe (loaded on zeolite Y)-to-oil
ratio is required to achieve a yield of about 95%. In addition, reports are available for
zeolite Y as a catalyst with a yield of about 25% for biodiesel production [28]. Zeolite Y
is well known for its surface hydroxyl groups [45]. These groups are supposed to react
with sodium methoxide during the ball-milling process, resulting in the active sites for the
transesterification reaction. Therefore, we believe that there is a cooperative mechanism
between NaOMe and the surface of zeolite Y, resulting in the formation of active sites
(Figure 13). There is a high possibility of catalyst deactivation because about a 3–4 times
less amount of NaOMe was used for the catalyst preparation, hence resulting in fewer
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active sites [28]. The plausible mechanism for the transesterification of WCO is given as
follows in Figures 13 and 14 [46–48].

Figure 13. Plausible heterogeneous catalytic mechanisms: (a) Active site formation; (b) Transesterifi-
cation of WCO using NaOMe/zeolite.

Figure 14. Plausible homogeneous catalytic mechanism of transesterification of WCO us-
ing NaOMe/zeolite.

2.5. Biodiesel Characterization
2.5.1. Fourier Transform Infrared Spectroscopy (FT−IR)

Figure 15 shows the Fourier transform infrared spectra of WCO, the raw biodiesel,
and the raw glycerol. The FT−IR, as shown in the figure, was obtained in the range
of 650–4000 cm−1 with 5 cm−1 resolution. Siatis et al. and Mahamuni and Adewuyi
have noted that there are certain regions in the spectra of soybean oil and biodiesel
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that show a slight difference [49,50]. Specifically, peaks in the 1425–1447 cm−1 and
1188–1200 cm−1 ranges are present in biodiesel spectra but not in oil spectra, while re-
gions in the 1370–1400 cm−1 and 1075–1111 cm−1 ranges are present in soybean oil spectra
but absent in biodiesel spectra. The authors also mentioned other regions in the spectra,
such as the 1700–1800 cm−1 range corresponding to the C=O bond and the 2800–3000 cm−1

range corresponding to the CH stretching mode of olefins. The bending and oscillation
vibrations corresponding to the -OCH3 group are observed at 1436 cm−1 for the biodiesel
but not for the WCO as triglycerides possess -OCH2 and O-CH groups [51]. The peak
at 1171 cm−1 in the biodiesel spectrum is associated with the stretching vibration of the
C-O group attached to -CH2, which is converted from the stretching vibration of the C-O
group attached to -CH2 seen in the WCO spectrum at 1160 cm−1 [52]. The absence of
monoglyceride, diglyceride, glycerin, and methanol in the biodiesel can be determined
due to the non-existent peak at 3200 cm−1, which is associated with the -OH stretching
vibration [51].

Figure 15. FT−IR spectrum of waste cooking oil in comparison to biodiesel and glycerol.

2.5.2. Nuclear Magnetic Resonance (1H-NMR)

The nuclear magnetic resonance of 1H-nuclei was assessed with 10–20 mg of WCO
(Figure 8d) dissolved in CDCl3. The FT-NMR spectra were recorded on a JEOL/JNMECZ-
400 at room temperature. The WCO 1H-NMR, as shown in Figure 16, shows characteristic
chemical shifts of a triglyceride backbone and carboxylic protons. Most importantly,
the peaks for the methylenic protons of the glycerol can be seen at 4.1–4.3 ppm, as shown
in the figure [51]. Figure 17 shows the 1H-NMR of raw biodiesel collected from the
upper layer of the sample (Figure 8c) and assessed in CDCl3 at room temperature. Here,
the appearance of the biodiesel (fatty acid methyl ester) peak at 3.6 ppm and a drastic
decrease in the intensity of methylenic protons of glycerol at 4.1 ppm and 4.3 ppm confirms
the transesterification product. The 1H-NMR of glycerol collected from the bottom second
layer (Figure 8c) is shown in Figure 18, which supports the transesterification reaction of
the WCO.
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Figure 16. 1H-NMR spectrum of waste cooking oil(WCO) in CDCl3.

Figure 17. 1H-NMR spectrum of phase-separated biodiesel in CDCl3.
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Figure 18. 1H-NMR spectrum of phase-separated raw glycerol in D2O.

2.5.3. Viscosity

The kinetic viscosity of the sample measures the internal resistance of the fluid un-
der gravitational force. The viscosity arises from a near-surface velocity gradient in the
turbulent region giving rise to larger viscous shear stresses in the biodiesel. One of the
simple ways of calculating viscosity involves using a CANNON-FENSKE glass capillary
viscometer. The viscosity can be obtained as a product of the flow time with the capillary
constant of the viscometer. Based on the guidelines set by the ASTM standard, the viscosity
values for biodiesel should range from 3 mm2/s to 5.5 mm2/s. The biodiesel produced
(Figure 9c) using the NaOMe/zeolite catalyst showed a kinetic viscosity of 5.106 mm2/s
(Table 4), which falls within the above-mentioned standard [53].

Table 4. Viscosity measurement by using CANNON-FENSKE Viscometer.

Sample Flow Time (sec.) Meantime
(∆t) sec. K Viscosity (mm2/s)

(v = K∆t)1 2 3

Biodiesel 1255.3 1277.63 1296.77 1276.57 0.004 5.10628

3. Materials and Methods
3.1. Materials

All the materials were purchased from Sigma-Aldrich and used directly without
further purification. The zeolite Y (BET surface area = 194.780 m2/g, pore size = 4.939 Å,
Si/Al = 31, NaY) and sodium methoxide (95% powder) were purchased from Sigma-
Aldrich and used without additional treatment. Soybean waste cooking oil was collected
from our school cafeteria and was previously used for the frying and cooking of different
meals. After it was collected, it was then filtered with a sieve whose pore size was 50 µm to
remove the suspended food particles from the raw oil. It was then heated to 110 °C for 6 h
to remove moisture.

3.2. Catlayst Preparation

The catalyst was prepared by a solvent-free ball-milling process applied to the zeolite
Y with powdered NaOMe for 6 h in a Samheung Energy ball miller (SH-Ball700-1) [54].
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The ball milling was carried out using silica beads of 2 mm diameter for a given time period.
The process was explicitly used to increase the surface area of the catalyst to enhance the
catalytic yield. The NaOMe loading onto the zeolite Y was carried out in the range of
5–20% with 5% loading intervals at room temperature at 350 rpm for 6 h. The catalyst
was then further characterized by SEM, TEM, XRD, BET surface area, and FT−IR analyses.
The powder diffraction patterns of zeolite Y and NaOMe/zeolite were scanned using XRD
in the 2θ range between 5 and 80° at a scanning speed of 5 °/min using a Cu-Kα radiation
source of wavelength 1.5406 Å. The ball-milled catalyst surface area and pore analysis
were carried out using a Quantachrome/Autosorb-Q instrument. To observe the surface
structure of the NaOMe/zeolite, a field emission SEM–Schottky-type model TESCAN-
MMIRA3 LMH was used. The nanostructure of the catalyst was assessed on a Hitachi
TEM model-7600 with a magnification of 600,000×. The crystal structure of the above
catalyst was analyzed on a Rijuku/UltimaIV XRD instrument. The vibrational stretching
frequencies of the catalyst components were assessed using a PerkinElmer Frontier FT−IR
spectrometer instrument with a Universal ATR Sampling Accessory.

3.3. Transesterification Procedure

The transesterification process was carried out in a 2-neck 100 mL round-bottom
flask (RBF) equipped with a reflux facility and a digital thermometer in a hot silica oil
bath maintained at a desired temperature. In a typical reaction, 0.289 g of NaOMe/zeolite
catalyst (20% NaOMe loading) was transferred to 2-neck 100 mL RBF with a magnetic bar. A
total of 5 mL of anhydrous methanol (methanol/oil molar ratio of 16:1) was then added to it
and stirred for 20 min at room temperature. Finally, 14 g of WCO was added to the reaction
mixture at the desired temperature and allowed to react for the next 30 min. After the
reaction, the mixture was transferred to a 50 mL centrifuge tube and allowed to phase
separate. Three distinct phases, where the topmost was biodiesel, the next was glycerol,
and the bottom was the catalyst, were observed in the next 30 min. All these products were
further characterized by FT−IR, 1H-NMR, and viscosity measurements. The 1H FT-NMR
analysis of the WCO and transesterification product was done with a JEOL/JNMECZ-400 at
room temperature. The FT−IR was obtained in the region of 650–4000 using a PerkinElmer
Frontier FT−IR spectrometer instrument with a Universal ATR Sampling Accessory cm−1

with 5 cm−1 of resolution. The catalytic yield was calculated according to the reported
literature in [55].

Biodiesel yield(%) =
Weight o f biodiesel

Weight o f oil
× 100 (1)

4. Conclusions

The tests conducted in this study have presented a new catalyst for the conversion of
WCO to biodiesel. The catalyst is a composition of NaOMe doped onto zeolite Y that is
synthesized via a cost-effective and solvent-free ball-milling process with 20 wt% NaOMe
loading onto zeolite. The study reveals that just a 0.4 wt% NaOMe-to-WCO ratio is required
for the transesterification reaction with phase separation within 30 min. The kinetic studies
revealed that a maximum biodiesel yield of 99% was attained with the optimum conditions
of 20 wt% NaOMe loading, 5 mL of methanol (oil/methanol molar ratio of 16:1), 30 min
reaction time, and a temperature of 60 °C. Several characterization procedures such as
FT−IR, XRD, TEM, and FE-SEM were performed on the catalyst to ensure the incorporation
of NaOMe into the zeolite Y pores, which is supported by a decrease in the surface area
and an increased pore volume for the NaOMe/zeolite catalyst as a result of the ball-milling
process. This is also confirmed by the SEM images. Finally, the formation of the biodiesel
was confirmed by the 1H-NMR and FT−IR of the raw phase-separated biodiesel, glycerol,
and original WCO.
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