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In the present work, the biodiesel was produced from waste cooking oil (WCO) using
heterogeneous zinc doped iron nanocatalyst and tetrabutylammonium iodide (TBAI) as co-
catalyst. The heterogeneous zinc doped iron nanocatalyst was synthesized and
characterized. The functional group in the heterogeneous nanocatalyst was confirmed
using FTIR analysis, the crystalline nature was studied by XRD analysis, and the size and
structure of the nanocatalyst were analyzed by SEM. The optimization of transesterification
parameters like oil to methanol molar ratio, zinc doped iron concentration, TBAI
concentration, temperature, and time were carried out for the maximum conversion of
biodiesel fromWCO. At 50 min the maximum biodiesel conversion of 90%was achieved at
55°C with 12% catalyst, 30% co-catalyst, and 1:11 WCO to methanol ratio. The presence
of functional groups and the methyl ester composition of the biodiesel from WCO were
confirmed by FTIR and GC-MS analysis. The use of zinc doped iron nanocatalyst with TBAI
showed good catalytic activity to produce biodiesel from WCO.
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INTRODUCTION

The constant increase in the world energy demand along with the consumption of non-renewable
energy sources resulted in the depletion of fossil fuel energy (Cavalcante et al., 2021). The use of fossil
fuel sources causes more air pollution and global warming compared to others. So as a renewable
energy source, biofuels were produced as an alternative to conventional petroleum. Renewable
biofuel should be low cost, readily available, and eco-friendly (Ong et al., 2019). Compared to other
biofuels, biodiesel and bioethanol are the alternative sources of renewable fuel for transportation
sectors. Biodiesel can be directly used, or it can be blended and used as petrodiesel for diesel engines.
The burning of biodiesel leads to less global warming compared to fossil fuels (Hosseinzadeh-
Bandbafha et al., 2018). Advantages of biodiesel are high combustion efficiency, biodegradable, low
sulfur content, and high cetane number and flash point. This has drawn the attention of researchers
to produce in high quantity (Demirbas, 2007). The BD was considered as the clean energy source,
which protects the environment by reducing the direct and indirect release of greenhouse gases like
CO2, CO, SO2, and HC (Mathew et al., 2021).
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Biodiesel can be produced from the feedstocks that contain
triglycerides (TGs) (Ambat et al., 2018). The first-generation
feedstocks are sunflower oil (Jalalmanesh et al., 2021), palm oil
(Zulqarnain et al., 2021), coconut oil (Bambase et al., 2021),
peanut oil (Shalmashi and Khodadadi, 2019), and soyabean oil
(Huang et al., 2021). Second generation feedstocks are linseed oil
(Balamurugan et al., 2021), rubber seed oil (Uzoh et al., 2021),
Jatropha curcas oil (Yusuff et al., 2021), and castor oil
(Naveenkumar and Baskar, 2021). Third generation feedstocks
like waste cooking oil (Guo et al., 2021; Naeem et al., 2021),
chicken fat (Kirubakaran and Arul Mozhi Selvan, 2021),
vegetable oil refinery waste (Alishahi et al., 2021), and algal oil
(Patle et al., 2021) are used for biodiesel production. Around 70%
of the production cost of biodiesel is from feedstock (Zulqarnain
et al., 2021). The feedstock selection based on free fatty acid is a
significant role in biodiesel production (Ming et al., 2018). BD can
be produced in four different methods such as blending vegetable
oil and diesel, microemulsion, pyrolysis, esterification, and
transesterification. The BD produced through esterification
and transesterification reaction was low viscosity and of better
quality compared to other methods of production (Liu et al.,
2021).

The transesterification process is the reaction between
feedstock oil and alcohol that results in the formation of BD
and glycerol (Qu et al., 2021). The use of third-generation
feedstock like WCO for biodiesel production is the eco-
friendly recycling process because it reduces pollution during
its improper disposal. For transesterification reaction short-chain
alcohol and suitable base catalyst like homogeneous or
heterogeneous catalysts are used. The use of the homogenous
catalyst for biodiesel synthesis has some drawbacks. It reduces the
purity of biodiesel, glycerol yield, generates more wastewater
during washing, and the impossibility of catalyst reuse during
the purification step (Degfie et al., 2019). Heterogenous solid
catalysts were highly used by researchers for their advantages in
biodiesel production (Rabie et al., 2019). Catalyst reusability, high
stability, high-quality biodiesel, non-toxic, and easy separation of
catalyst are the main advantages of heterogenous catalyst (Baskar
and Aiswarya, 2016; Jamil et al., 2020). Methanol and ethanol are

the commonly used alcohols, in this methanol is widely used
because of its chemical advantage (Pugazhendhi et al., 2020).

The biodiesel was produced from WCO using diatomite
supported by CaO/MgO nanocomposite and obtained the
maximum biodiesel yield of 96.47% under the optimized
conditions of 1:15 WCO to methanol molar ratio, 6% catalyst
concentration at the reaction temperature of 90°C for time
120 min (Rabie et al., 2019). The heterogeneous catalyst, 12%
(w/w) Cu doped ZnO nanocomposite was used for the maximum
biodiesel conversion of 97.71% achieved from WCO under the
optimized conditions such as oil to methanol ratio 1:8 for 50 min
at 55°C. The high biodiesel yield can be achieved by the presence
of a huge surface in the catalyst and reused up to five cycles
without degradation (Gurunathan and Ravi, 2015).

Nowadays, ionic liquids (ILs) are used for eco-friendly
biodiesel production (Piemonte et al., 2016). Compared to
the conventional homogeneous and heterogeneous catalyst,
the ILs catalyst has high dissolving capacity, immiscibility
with organic solvents, high chemical stability, and
recyclability (Maciel et al., 2019). The use of ILs reduces the
reaction and purification steps and increases the economic
feasibility (Muhammad et al., 2015). For transesterification
reactions, ILs are used as a catalyst. The ILs are a heat stable,
non-flammable organic salts solution that contains both cations
and anions, so it is used for eco-friendly biodiesel production
(Ullah et al., 2017). The physicochemical properties like
viscosity, melting point, density, conductivity, and the
refractive index can be indirectly affected by the cations and
anions of ILs. Based on the physicochemical properties, the ILs
are divided into two categories such as acid ionic liquids (AILs)
and basic ionic liquids (BILs) (Deshmukh et al., 2019). Due to
the high cost, difficulty in product separation, and problems in
catalyst recovery, the ILs were used along with the conventional
catalyst to improve its catalytic performance for the BD
production (Ong et al., 2021). ILs can influence the catalytic
activity in biodiesel conversion. Tetrabutylammonium iodide
reagent (TBAI) is highly soluble in methanol and has low
solubility in ethyl acetate so it can be completely recovered
and reused (Casiello et al., 2019). The 96% of biodiesel
conversion was obtained from WCO using solid acid catalyst
SO4/Fe-Al-TiO2 of 3%, methanol to oil ratio 10:1 at 90°C for the
reaction time of 2.5 h (Gardy et al., 2018). SO4/Fe-Al-TiO2

catalyst can be reused up to 10 cycles for transesterification
reaction. The application of ZnO/TBAI as a catalyst was used for
biodiesel production from various sources of oil. The ZnO/
TBAI catalyst is efficient for high yield of biodiesel in one step
from WCO (Casiello et al., 2019). The zinc doped iron
nanocatalyst and TBAI as co-catalyst were efficient in
converting maximum production of BD from WCO. The
high purity glycerol was removed from the reaction mixture
by water washing. TBAI can be easily recovered due to its low
solubility in methanol. A novelty of the work is to prepare the
zinc doped iron nanocatalyst and TBAI as co-catalyst, which is
used for biodiesel production from waste cooking oil and
optimize the best condition.

In the present work, the zinc doped iron nanocatalyst and
TBAI as co-catalyst were successfully used for biodiesel synthesis

FIGURE 1 | FTIR analysis of zinc doped iron nanocatalyst.
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from WCO. The influence of various parameters like oil to
methanol molar ratio, amount of catalyst, co-catalyst loading,
reaction temperature, and time were optimized for maximum
biodiesel conversion through the transesterification process. Both
the zinc doped iron nanocatalyst and biodiesel were
characterized, and the reaction mechanisms were determined
from the kinetic analysis.

MATERIALS AND METHODS

WCO Collection and Pre-Treatment
The WCO was collected from the local restaurants in Chennai,
India. Then the WCO was allowed to settle for 4–6 d under
room temperature. The food particles and other residues in the
WCO were removed by being filtered through a 100-nm size
sieve. Then the WCO was heated at 110°C to remove the
moisture (Degfie et al., 2019).

Zinc Doped Iron Nanocatalyst Preparation
The co-precipitation method was used for the preparation of the
zinc doped iron oxide magnetic catalyst. The 50 ml of 0.5M
FeSO4.7H2O was mixed with 50 ml of 0.5M ZnSO4 for 10 min.
Then 0.5M NaOH was added drop wise until the pH was reached
to 12 and mixed for 30 min in the stirrer. At room temperature,
the mixture was settled for 18 h for precipitation. The precipitate
was then centrifuged, and the pellet was washed with distilled
water and ethanol several times. The washed pellets were
resuspended in water and dehydrated by keeping them in a
hot air oven for 1 h at 200°C. Then the dried powder was
calcinated at 700°C for 30 min. The calcinated powder is the
activated catalyst obtained from the precipitate. The activated
catalyst is again washed in distilled water and then calcinated to
remove the residual ash and reactivate, respectively. This results
in the formation of zinc doped iron nanoparticles. The activated
magnetic nanoparticle was prepared and used for the production
of biodiesel (Baskar and Soumiya, 2016; Atla et al., 2018). To the
prepared nanocatalyst, tetra-n-butylammonium iodide (TBAI)
reagent was employed as a co-catalyst for the synthesis of
biodiesel from WCO (Casiello et al., 2019).

Catalyst Characterization
The functional group present in the obtained zinc doped iron
nanocatalyst was analyzed using FTIR spectra (Perkin Elmer

FIGURE 2 | XRD analysis of zinc doped iron nanocatalyst.

FIGURE 3 | SEM analysis of zinc doped iron nanocatalyst. FIGURE 4 | Effect of oil to methanol molar ratio on biodiesel production.
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Spectrum-1) in the range between 400 and 4000 cm−1. The
phase and crystalline structure of the synthesized nanocatalyst
was characterized by XRD (Bruker aXS KAPPA APEX-II).
The morphology and topology of the catalyst were studied
using SEM (FEI Quanta FEG 200F) (Mahmood Khan et al.,
2020).

Biodiesel Production and Process
Optimization
Transesterification of WCO was carried out using methanol
in the presence of zinc doped iron nanocatalyst and TBAI as
co-catalyst at the desired temperature. The reaction mixture
was then centrifuged for 15 min at 5000 rpm. After
centrifugation, the supernatant was transferred to a test
tube and ethyl acetoacetate was added to precipitate the
co-catalyst salt employed (TBAI). The supernatant
contains biodiesel.

The transesterification conditions like oil to methanol ratio,
catalyst loading, co-catalyst loading, reaction time, and
temperature were varied to achieve the optimum condition
for maximum biodiesel conversion from WCO (Baskar and
Soumiya, 2016).

Biodiesel Characterization
The function group present on the biodiesel from WCO was
analyzed using the spectra obtained from FTIR in the range
between 400 and 4000 cm−1 and the peaks were recorded. The
chemical composition of the synthesized biodiesel was identified
by GC-MS (Baskar and Soumiya, 2016).

Kinetic Studies
The order of kinetics of the reaction was studied at different
reaction temperatures at 40, 45, 50, 55, and 60°C. The kinetics of
the reaction were defined from the following Eq. 1,

k[P] � d[P]/d[t] (1)
where P is methyl esters in terms of yield (%), t is the reaction
time (min), and k is the rate of the reaction (min1). The “ln [P]”
vs. “t” at different intervals of time and temperature was
plotted. The yield tends to increase simultaneously with
time and temperature and the reaction rate increases with
temperature. The activation energy was studied using
Arrhenius Eq. 2,

k � Ae−(Ea/RT) (2)
Ea is the activation energy (J/mol), R is the universal gas

constant (8.314 J/mol.K), and T is the absolute temperature in
Kelvin. A is the frequency factor (collision factor) and k is the
reaction rate constant. The activation energy was calculated from
the slope and intercept of the graph between ln(k) vs. 1/T (Gupta
and Rathod, 2018).

RESULTS AND DISCUSSION

Characterization of Zinc Doped Iron
Nanocatalyst by FTIR Analysis
The functional group present in the zinc doped iron
nanocatalyst was analyzed by Fourier transform infrared
spectroscopy (FTIR). The FTIR spectra of zinc doped iron
nanocatalyst were recorded in the range of 4000–400 cm−1

FIGURE 5 | Effect of catalyst concentration on biodiesel production.

FIGURE 6 | Effect of co-catalyst concentration on biodiesel production. FIGURE 7 | Effect of reaction temperature on biodiesel production.
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and is shown in Figure 1. The peaks obtained were compared to
the vibrating mode. The major peaks were observed at 2950,
1450, 1250, 940, 550, and 490 cm−1. The peaks show the
presence of CO bonds, OH bonds, and CH bonds. The small
peaks are due to the presence of dopants over the lattice (Baskar
and Soumiya, 2016).

Characterization of Zinc Doped Iron
Nanocatalyst by XRD
The crystalline form of nanocatalyst was identified using the XRD
technique. The XRD profile of zinc doped iron nanocatalyst is
shown in Figure 2. Figure 2 shows the zinc and iron in single-
phase and the crystalline form of zinc doped iron nanocatalyst.
There is a major shift in the 2θ value after doping was observed
from the spectra. There are no impurity peaks in the XRD
patterns indicating that the dopants are well integrated into
the lattices (Joseph et al., 2021).

Characterization of Zinc Doped Iron
Nanocatalyst by SEM
The morphology of zinc doped iron nanocatalyst is studied using
scanning electron microscopy (SEM). Figure 3 shows the porous
nature of the synthesized zinc doped iron nanocatalyst. The SEM
image shows the agglomerated image of doped zinc and iron
nanoparticles. The size of the nanoparticles was reduced after
doping (Kumar et al., 2019). The size of the nanocatalyst was
observed between 86.94 and 50.49 nm.

Effect of Nanocatalyst Concentration
The batch of experiments was carried out by varying the zinc
doped iron nanocatalyst concentration 2–12% (w/w) with the
WCO to methanol molar ratio of 1:11, co-catalyst concentration
of 30% at 50°C for 45 min was carried out to obtain the optimum
concentration of catalyst for maximum biodiesel production.
Figure 4 shows the result of the experiment; the biodiesel
yield increases as the catalyst quantity increases from 2 to 12%
(w/w) and after 14–16% (w/w) of catalyst loading shows a
reduction in the biodiesel yield. The excess catalyst amount
leads to saponification reaction, the soap formation, and
interrupts the biodiesel yield (Keera et al., 2018). Thus, 12%
(w/w) catalyst concentration was the optimum catalyst
concentration for biodiesel production from WCO. The zinc
doped iron nanocatalyst concentration of 14% (w/w) shows
91% of biodiesel production from castor oil (Baskar and
Soumiya, 2016).

Effect of Oil to Methanol Molar Ratio
The oil to methanol molar ratio is the important parameter
considered in biodiesel conversion. The experiments were
carried out by changing the oil to methanol molar ratio from
1:5 to 1:14 under the other constant conditions 12% (w/w)
catalyst concentration, 40% co-catalyst concentration at 50°C
for 45 min. There is an increase in the biodiesel yield from 13

FIGURE 8 | Effect of reaction time and temperature on biodiesel production.

FIGURE 9 | FTIR characterization of biodiesel from WCO.
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to 73% observed as the oil to methanol molar ratio was increased
from 1:5 to 1:11 (Figure 5). The biodiesel conversion was
decreased from 73 to 53% as the molar ratio was increased
from 1:11 to 1:14. The reduction in the biodiesel conversion is
due to the accumulation of methanol, which makes the reaction
mixture more viscous. Excess oil to methanol ratio increases
glycerol solubility and thus decreases the FAME yield (Sharma
et al., 2019).

Effect of Co-Catalyst Concentration
The ionic liquid, TBAI was used as the co-catalyst along with zinc
doped iron nanocatalyst for the conversion of biodiesel from
WCO. The optimum co-catalyst concentration was achieved
from the batch of experiments varying the co-catalyst amount
from 10 to 50%, catalyst concentration of 12%, oil to methanol
molar ratio 1:11 at 50°C for 45 min. At 30% (w/w) of co-catalyst
concentration, 90% of FAME conversion was obtained. Ionic
liquid TBAI as co-catalyst with zinc doped iron nanocatalyst
increases the biodiesel yield. TBAI reagent can be completely
recovered by adding ethyl acetate into the reaction mixture
(Casiello et al., 2019). The optimal co-catalyst concentration
was found to be 30% (w/w) and is shown in Figure 6.

Effect of Reaction Temperature
For the optimization of reaction temperature, the temperature
changed from 40 to 60°C while maintaining the other reaction
parameters like catalyst concentration 12% (w/w), co-catalyst
loading of 30% (w/w), andWCO to methanol molar ratio 1:11 for
45 min. As the temperature increases from 40 to 55°C, there is an
increment in the biodiesel yield from 40 to 90% and after 55°C
there is a decrement in biodiesel yield, due to the vaporization of
methanol (Borah et al., 2019). Hence, 55°C was considered as the
optimum reaction temperature as shown in Figure 7.

Effect of Reaction Time
For the reaction time optimization, the time was varied from 10 to
60 min, in the intervals of 10 min. The reaction was carried out at

optimized 1:11 oil to methanol molar ratio, 12% catalyst
concentration, 30% co-catalyst concentration, and the reaction
temperature varying 40–60°C. When the reaction time increases
to 50 min, there is an increase in the biodiesel conversion as
shown in Figure 8. The optimum biodiesel yield of 90% was
synthesized from the transesterification of WCO using a zinc
doped iron nanocatalyst. The transesterification reaction takes
place in the forward direction and when it reaches the optimal
time it stands in equilibrium. Long reaction time shows a decrease
in the biodiesel yield due to reverse reaction (Degfie et al., 2019).
The results were obtained from the effect of time and temperature
optimization used for kinetic studies.

Kinetic Studies
The kinetics of zinc doped iron-catalyzed transesterification
reaction were studied from optimization of reaction time.
WCO to methanol molar ratio of 1:11, zinc doped iron
oxide nanocatalyst concentration of 12%, and co-catalyst
concentration of 30% at different temperatures changing
from 40 to 60°C. Transesterification reactions follow first-
order kinetics as a function of time and is also involved in
it for the methyl ester formation. The biodiesel yield increases
with respect to time and temperature and the reaction rate also
simultaneously increases with the temperature. The rate
constant mainly depends on the reaction temperature with
respect to time (Pugazhendhi et al., 2020). Based on the methyl
ester formation, the rate constant (k) and activation energy
(Ea) can be calculated (Verma and Sharma, 2016). The rate
constant of biodiesel production at optimal temperature of
55°C and time 50 min was found as 0.0387 min−1.

The activation energy (Ea) was calculated using Eq. 3.

ln(k) � −Ea

RT
+ C (3)

The biodiesel production from waste cooking WCO using
zinc doped iron oxide nanocatalyst and TBAI as co-catalyst was
found to follow the first-order kinetics. The activation energy

FIGURE 10 | GC-MS characterization of biodiesel from WCO.
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required for the transesterification of WCO using zinc doped
iron oxide nanocatalyst and TBAI as co-catalyst was found to be
9.494 J/mol.

Biodiesel Characterization by FTIR
The FTIR spectra of biodiesel are represented in Figure 9. The
peaks in 3000–3500 cm−1 show the presence of (−OH)
stretching vibration of phenol, alcohol, or carboxylic acid.
The absorption band of 2922 and 2855 cm−1 represents
methyl group stretching. The peak at 1739 and 1734 cm−1

refers to the C=O in carboxyl, ketone, or aldehyde groups and
shows the presence of ester in the FAME sample. The peak at
1455 and 1446 cm−1 refers to the stretching of–C–H–(alkane)
in the synthesized biodiesel. The peaks from 1245 to 1033 cm−1

correspond to the presence of (C-O) and (C-O-C). The peak at
1193 and 1033 cm−1 represents O-CH3 stretching. The FTIR
spectra analyze the functional group present in the biodiesel
produced from WCO using zinc doped iron catalyst and TBAI
co-catalyst (Elango et al., 2019).

Biodiesel Characterization by GC-MS
Analysis
The methyl ester in the biodiesel synthesized from WCO was
analyzed by gas chromatography-mass spectrometry (GC-
MS). The mono, di, and triglycerides concentration in the
biodiesel was analyzed. NIST 11 and WILEY 8 GC–MS
libraries were used to compare the chromatogram peaks.
Figure 10 shows different peaks that represent the presence
of methyl esters. The maximum peak was obtained at the
retention time of 3.348 min and the peak indicates 2,3-
dihydroindole-4-ol-2-one, 5,7 dibromo-3,3 dimethyl ester
(Naveenkumar and Baskar, 2019).

CONCLUSION

Using magnetic core catalyst, the catalyst can be isolated by an
external magnetic power after the completion of the process. In
addition, the ZnO coating over the surface of the core is not likely to
be uniform and hence can offer an alikemesoporous structure due to
the coating of zinc. This tends to increase the reactive site and can
thereby show more yield. The presence of Zn does the function of
esterification, thereby reducing the free fatty acid content and can aid
in the increase in the yield of the product. The optimal conditions are
found to be 1:11 WCO to methanol ratio, 12% w/w of catalyst
loading (zinc doped iron), 30% w/w of co-catalyst amount (TBAI)
for 50min of reaction time at 55°C to produce 90% of biodiesel from
WCO. The use of low-cost zinc doped iron/TBAI catalyst shows
high catalytic activity and can be easily recovered and reused for
further cycles without degradation in its activity. The kinetics of the
reaction tends to fit in with first-order kinetics and the activation
energy was found to be 3388.607 J/mol.
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