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Spinel nanomaterial of ZnFe2O4 has been successfully synthesised and its high crystallinity is confirmed by x-ray 
diffraction analysis in the Fd3m space group with crystallite size of around 37.96 nm. The agglomerated nature of the 
sample is confirmed through SEM analysis and compositional analysis using EDS. The maximum yield of 94.66% biodiesel 
is obtained at 15 min, 50℃ temperature, 6 weight % catalyst, and 6:1 ethanol: oil conditions. The FTIR analysis and 1H-
NMR analysis of waste cooking oil and biodiesel of different yields confirm the different functional groups exist in the 
sample and the biodiesel. The physio-chemical properties of the biodiesel match well with the literature values. The 
reusability of the ZnFe2O4 confirms the yield of 80.9% after 3 cycles under the same reaction conditions.  
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Introduction 
The Organization of the Petroleum Exporting 

Countries (OPEC) reports that by 2040, the demand 
for fuel oil will be around 109.4 million barrels/day, 
and diesel fuel will be 5.7 million barrels per day1. By 
2050, fossil resource availability will drop 
tremendously due to growing demands and the 
dependence of economic expansion on energy2. 
Biofuels derived from renewable biomass sources are 
promising alternative fuels due to the benefits of 
biodegradability, non-toxicity, lower greenhouse gas 
emissions, and sustainable supply. Biodiesel, the fatty 
acid methyl or ethyl ester, is widely developed 
through transesterification reactions from 
triglycerides in oil. Biodiesel reduces greenhouse 
gases by 86%, particulate matter by 47%, and 
hydrocarbons by 67%. Similar physiochemical 
characteristics of biodiesel and fossil fuel assure ready 
usage in diesel engines with ease of storage and 
transportation due to higher flash points3.  

The generally used feedstock of triglycerides for 
biodiesel production includes non-edible oils, 
including Karanja oil, and rubber seed oil; edible oil 
like palm oil, sunflower oil, and coconut oil; animal 
fat like chicken fat, beef tallow; and waste cooking oil 
(WCO)4. Using edible oil for biodiesel production has 
adverse effects on food resources. WCO as feedstock 
for biodiesel simultaneously resolves the waste 
disposal problem and benefits the economy. Around 

23 million MT of cooking oil is consumed in India 
annually, of which 3 million MT can be recovered 
and reused. Hong et al.5 studied WCO as feedstock 
for microwave-assisted transesterification reaction of 
biodiesel production with 98.2 % FAME content, ~41 
MJ/kg higher heating value, and an acid value of 2.5 
mg KOH/g oil5. A study on biodiesel production from 
WCO using M. malleus shell-derived CaO catalyst by 
Niju et al.6 reports a 93.81 % conversion of biodiesel 
under optimised reaction parameters. 

Short-chain alcohols like methanol, ethanol, and 
butanol are generally employed for the 
transesterification reactions. Ethanol has higher oil 
solubility, so it is chosen as an extraction solvent. The 
biodiesel produced using ethanol has a higher cetane 
number due to the formation of ethyl esters as a 
product having additional carbon compared to methyl 
esters formed while using methanol. Moreover, 
ethanol can be easily produced from agricultural 
sources7. The presence of catalyst is essential for the 
reaction to proceed. Homogeneous catalysts generally 
adopted for transesterification reactions include acid 
and strong base catalysts. Difficulty in catalyst 
separation and formation of soaps and alkali ion 
contamination in oil limits their application8. 
Alternatively, heterogeneous catalysts generally used 
include acidic metallic oxides, enzymatic catalysts, or 
alkali metal oxides9,10. Recently, reports on 
bifunctional acid-base catalysts11, ion-exchange 
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resin12, double metal cyanides13, heteropoly 
acid/zirconia14, amberlyst15, basic zeolite16, supported 
metal hydroxides17, mixed metal oxides18 are 
available. Spinel catalysts are metal oxide or catalyst 
support with applications in various chemical 
processes due to high mechanical, chemical, and 
thermal stability and porous structure. For the 
transesterification reactions, the catalyst with a wide 
pore value is required for the triglyceride molecules to 
diffuse and react. Sankaranarayanan et al.19 have 
investigated mixed oxide AB2O4 (A=Co, Ni, Cu, and 
Zn and B = Al, Fe, and Co) catalyst for 
transesterification of vegetable oils and found that Zn-
containing spinels are relatively active. The activity is 
correlated with the A ion's ease of polarisation. 

Contrary to conventional heating for biodiesel 
production, microwave-assisted transesterification 
reactions are promising due to their rapid heating, 
energy efficiency, short residence time, cost-saving, 
and environmental friendliness. In the presence of 
microwaves, hotspots that act as active sites for 
catalytic activity improve the conversion rate and 
efficiency along with the reduction in heat input. By-
product formation is relatively less and thus simplifies 
the downstream processing20. We report the 
utilization of zinc ferrite (ZnFe2O4) material prepared 
using the sol-gel method as the catalyst for the 
transesterification reaction of WCO and further its 
characterization. Transesterification reactions under 
microwave conditions can improve reaction 
performance due to improved heating and, thus, 
facilitating biodiesel production in mild conditions. 

 
Experimental Section 

 

Catalyst synthesis and characterization 
Zinc ferrite (ZnFe2O4) spinel nanomaterial was 

synthesised using the sol-gel method. Zinc sulphate 
(ZnSO4.H2O), ferrous/iron sulphate (FeSO4.7H2O), 
citric acid, and ammonium hydroxide solution were 
used for the preparation. A stoichiometric quantity of 
metal precursor of zinc sulphate and iron sulphate 
pre-mixed and dissolved in distilled water were added 
together under stirring. After mixing, citric acid was 
added by maintaining the metal: citric acid molar ratio 
of 1:1.5. To keep the pH at 9, ammonium hydroxide 
solution was added drop by drop. Then the solution 
was further heated under the stirring conditions at 
80°C temperature until the gel formation. Further, the 
obtained gel was transferred to the hot air oven at 
150℃ for 12 h to obtain the black precursor. The final 

sample was calcined at 600℃ for a period of 4 h in a 
muffle furnace.  

The metal oxide obtained from the sol-gel process 
was further characterized using x-ray diffraction 
(XRD) and scanning electron microscope-energy 
dispersive x-ray spectroscopy (SEM-EDS). XRD 
analysis was performed using a Panalytical X-pert 
powder diffractometer with a Cu Kα radiation source, 
Cu target X-Ray tube, operated at 2 kW x-ray power, 
2θ range of 20-80o, and 0.02 step size. The Debye-
Scherrer equation and Bragg’s equation were used to 
calculate the average crystallite size and lattice 
parameter, respectively. SEM-EDS analysis was 
conducted using a TESCAN VEGA3 LMU of 15 kV 
HV to obtain a surface image and composition of the 
nanomaterial. 

 
Biodiesel manufacturing from Waste Cooking Oil (WCO) 

WCO was procured from the local restaurants near 
Warangal, Telangana. Initially, the oil was cleaned by 
filtration to remove the solid impurities, dried, and 
stored. The acid value of WCO was calculated 
around<3 mg KOH/g for the feedstock; thus, it was 
directly used for the transesterification reaction. A 
fixed amount of WCO was mixed completely with 
ZnFe2O4 catalyst and ethanol in a three-neck flask. 
The three-neck flask was then placed in the 
microwave-assisted reactor setup (NUWAV-UNO) 
along with the condenser setup to collect the vapour. 
Reactions were conducted under different conditions 
of catalyst loading in the range of 4-8 wt%, 
ethanol:oil volume ratio in the range of 3:1-9:1, the 
reaction temperature in the range of 40-60℃, and 
reaction time of 10-20 min under fixed microwave 
power of 200 W and stirring speed of 800 rpm. After 
the reaction, unreacted ethanol was separated from the 
biodiesel layer in a separating funnel, and the catalyst 
was isolated from the product using filtration. The 
reactor setup used for the transesterification reaction 
is shown in Fig. 1. The catalyst reusability was tested 
by adopting the same reaction conditions and reusing 
the isolated catalyst from the previous cycle to the 
next cycle without any treatment.  

 

The biodiesel yield from the transesterification 
reaction was estimated using the formula in Eq. (1).  

 

Biodiesel yield (%) = 
   

   
100 

 …(1) 
 

Physiochemical properties of both WCO and 
biodiesel were calculated, including density, 
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kinematic viscosity at 40℃ using Ostwald 
viscometer, and acid value by ASTM D664 method. 
The Pensky-Martens apparatus with closed cup 
method was used to analyse the flash point and fire 
point of the sample. Fourier Transform Infra-Red 
(FTIR) spectroscopy of biodiesel and WCO was 
tested using a Perkin Elmer 100S FTIR 
spectrophotometer. The infrared absorption spectra 
were performed in the medium infrared range of 800-
2000 cm-1. 1H-NMR analysis of the biodiesel sample 
was conducted using a Bruker Ascend 400 MHz 
spectrometer under ambient temperature conditions. 
About 50 mg of biodiesel was combined with 0.7 mL 
of deuterated chloroform (CDCl3) solvent and 0.05% 
TMS and further analysed to obtain 1H-NMR spectra. 

 

Result and Discussion 
 

Catalyst characterization 
 

X-ray diffraction (XRD) 
The XRD pattern of zinc ferrite (ZnFe2O4) spinel 

nanomaterial is shown in Fig. 2. The XRD pattern 
showed the crystalline nature, spinel-type structure 
with space group Fd3m, and pure phase without any 
impurities or single phase of zinc or iron oxide. Based 
on the XRD data, the peak at 2θ = 29.9°, 35.3°, 42.9°, 
53.2°, 56.7°, 62.2°, and 73.5° were indexed to (220), 
(311), (400), (422), (511), (440), and (533) that 
matches with the literature (JCPDS 82-1049)19,21. For 
the sharp (311) peak of the ZnFe2O4 sample, the 
Scherrer equation determined the crystallite size to be 
43.68 nm and the average crystallite size as 37.96 nm. 
The XRD plot and crystallite size value confirmed the 
high degree of crystallinity of spinel nanoparticles. 

The interplanar distance, d, calculated by Bragg’s 
equation for intense (311) peak was around 2.98 Å. 
The average crystallite size, interplanar distance, and 
lattice constant calculated for the ZnFe2O4 sample are 
tabulated in Table 1 and compared with the literature 
data that confirms the spinel nanostructure formation 
in the current study.  

 

Scanning electron microscope (SEM) 
The SEM images of ZnFe2O4 spinel nanomaterial 

are given in Figs 3(a) and 3(b) at different points. The 
images confirm that the particles were arranged 
densely with uniform nanoparticles of almost 
spherical shape and agglomerated to form larger 
particles. The elemental composition calculated by 
averaging EDS at various positions accounts for Zn of 
13% and Fe of 19%, approximately the same as the 
experimental values. The EDS image corresponding 
to Fig. 3(c) is given in Fig. 3(d). The synthesised 
ZnFe2O4 spinel nanomaterial was further tested as the 
catalyst for WCO transesterification to produce 
biodiesel.  

 
Reaction parameter effect 
 

Time of reaction 
The change in the yield of biodiesel with respect to 

the change in reaction time between 10 to 20 min by 
fixing other variables is shown in Fig. 4. Table 2 lists 
the yield of the biodiesel obtained by varying 
different parameters. The maximum biodiesel yield of 
94.7 % was observed at 15 min reaction time. When 
the time was reduced to 10 min, the biodiesel yield 
was around 62.7 %, and when the time increased to 
20 min, the yield was around 83.9 %. Low yield under 

 
 

Fig. 1 — Microwave-assisted transesterification reaction setup 

 

Fig. 2 — X-ray diffractogram of ZnFe2O4 nanomaterial 
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short reaction time is due to an incomplete 
transesterification reaction that results in unreacted 
triglycerides. The longer reaction time may improve 
the reverse reaction progress and thus reduce the 
concentration of triglycerides5.  

 
Temperature of reaction 

The correlation of reaction temperature on biodiesel 
yield for a 40-60℃ temperature range at the reaction 
time of 15 min, catalyst loading of 6 wt%, and 
ethanol:oil ratio of 6:1 is given in Fig. 5. The maximum 

yield of 94.7% was obtained at a temperature of 50℃; at 
lower temperature of 40℃ the yield was also low at 
83.3%, and at higher temperature of 60℃ the yield has 
reduced to 83%. If the reaction temperature is too low, 
the conversion of triglyceride to biodiesel may not be 
efficiently complete due to the non-availability of 
sufficient energy to overcome the energy barrier. When 
the temperature has raised to 60℃ the methylation 
reaction may be affected since the portion of ethanol 
gets evaporated and cannot effectively participate in the 
transesterification reaction22.  

Table 1 — Average crystallite size, interplanar distance and lattice constant of ZnFe2O4 sample synthesised by sol-gel method compared 
with the literature data 

Sample Synthesis method Average crystallite 
size, D (nm) 

Interplanar distance,  
d (Å) 

Lattice parameter,  
a (Å) 

Reference 

ZnFe2O4 Sol-gel method calcined at 
600oC/4h 

37.9 2.98 8.42 This work 

ZnFe2O4 Co-precipitation method calcined at 
600oC/6h 

32 -- 8.415 [19] 

ZnFe2O4 Thermal decompositionrefluxed at 
290°C/2 h 

9.8 2.52 8.411 [21] 

 

 
 

Fig. 3 — (a) and (b) The SEM image of ZnFe2O4 nanomaterial, (c) SEM image from which EDS data is obtained and (d) EDS image of 
the sample 
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Fig. 4 — Time vs biodiesel yield at constant temperature of 50oC, 
catalyst loading of 6 wt % and ethanol:oil ratio of 6:1 
 

Table 2 — Yield of biodiesel obtained based on experimental 
study by varying different parameters 

Run Time  
(min) 

Temp  
°C  

Catalyst  
(% wt) 

Ethanol : 
oil 

Actual 
Yield (%) 

1. 15 50 6 3 80.8 
2. 15 50 6 6 94.66 
3. 15 50 6 9 79.21 
4. 15 50 4 6 82.83 
5. 15 50 6 6 94.66 
6. 15 50 8 6 73.68 
7. 15 40 6 6 83.31 
8. 15 50 6 6 94.66 
9. 15 60 6 6 83 
10. 10 50 6 6 62.7 
11. 20 50 6 6 83.98 
12. 15 50 6 6 94.66 

 
Catalyst loading 

The catalyst quantity influence on the yield of the 
product was analysed by changing the catalyst 
concentration between 4-8 wt % at a constant reaction 
time of 15 min, reaction temperature of 50℃, and 
ethanol:oil ratio of 6:1. The trend in yield is shown in 
Fig. 6 with respect to change in catalyst loading. When 
the catalyst loading was 4 wt%, the biodiesel yield was 
around 82.8%. As the weight of the catalyst increased 
to 6 wt%, the yield improved to 94.7%; however, 
further increasing the weight reduced the yield to 73.7 
%. With the catalyst overdose, the saponification 
reaction increases, thus reducing the biodiesel yield5. 

 
Ethanol:oil ratio 

By varying the ethanol:oil ratio in the range of  
3:1 to 9:1, the biodiesel  yield  was  analysed  under  a  

 
 

Fig. 5 — Temperature vs biodiesel yield at constant time of 15 
min, catalyst loading of 6 wt % and ethanol:oil ratio of 6:1 
 

 
 

Fig. 6 — Catalyst loading vs biodiesel yield at constant time of  
15 min, temperature of 50oC, and ethanol:oil ratio of 6:1 
 

 
 

Fig. 7 — Ethanol:oil vs biodiesel yield at constant time of 15 min, 
temperature of 50oC, and catalyst loading of 6 wt % 
 

constant reaction time of 15 min, reaction temperature 
of 50℃, and catalyst loading of 6 wt % and the trend 
is shown in Fig. 7. The optimized ethanol:oil ratio 
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was 6:1, which resulted in maximum yield. For 
ethanol: oil ratio of 3:1, the yield was around 80.8 %, 
and when the ratio increased to 9:1, the biodiesel 
yield was around 79.2%. At least 6 mol of  
alcohol is required for 1 mol of triglyceride since 
transesterification is a reversible reaction and alcohol 
evaporates, which requires more content for better 
conversion. As the ethanol concentration is increased, 
the glycerol solubility in alcohol leads to an 
emulsification reaction that reduces the yield of 
biodiesel5. Overall, an optimum reaction time, 
reaction temperature, catalyst loading, and ethanol:oil 
molar ratio should be maintained to favour the proper 
contact between oil and alcohol to react effectively.  

 
Waste cooking oil and biodiesel characterization 

The biodiesel was successfully developed by 
transesterification reaction of WCO using the spinel 
catalyst. The properties of the WCO and biodiesel 
obtained by the transesterification reaction of WCO is 
shown in Table 3, along with the ASTM standard. 
The formation of biodiesel was verified by the 

properties of the fuel, which are in agreement with 
those documented in the literature. Table 4 compares 
the properties of the biodiesel, diesel fuel and WCO 
obtained in this work with those in the literature 
reported20. FTIR and NMR analyses are discussed in 
more detail to validate the functional group presence 
and other molecules in biodiesel. 

 
Fourier transform infrared (FT-IR) spectroscopy 

The FTIR spectra of WCO and the biodiesel 
produced from WCO using ZnFe2O4 catalyst  
with yield of 94.66%, 94.20%, 86.66%, and 84.75% 
are shown in Fig. 8(a). The peak position  
remains consistent with all the samples. However,  
the peak intensity varies for each sample. The peak  
at 722 cm-1 matches the out-of-plane bending of the 
CH2 molecule; 1160 cm-1 peak indicates O-CH3 
stretching vibration, 1377 cm-1 indicates the 
absorbance by the −CH3 bond, 1462 cm-1 peak 
represents CH3 asymmetric bending, 1746 cm-1 
corresponds to C=O stretching band of methyl ester. 
The aliphatic-H is indicated by peaks at 2854 cm-1 
and 2925 cm-1. The peak at 3008 cm-1 indicates 
HC═CH bond association23,24. Specifically, the IR 
band at 1160 cm-1, 1462 cm-1, and 1746 cm-1 

corresponds to the peak for biodiesel. The variation in 
these two peak intensities for biodiesel of different 
yields with respect to WCO is evident in Figs 8(b) 
and 8(c), respectively. Biodiesel formation well 
confirmed from the analysis.  

Table 4 — Comparison of the biodiesel and waste cooking oil properties 
Sample Acid value  

(mg KOH/g oil) 
Specific  
density 

Kinematic viscosity 
at 40oC 

Flash Point  
(oC) 

Fire point  
(oC) 

Reference 

ASTM D6751 <0.5 0.87-0.89 1.9-6 >93 -- [17] 
Diesel fuel 0.24 0.846 2.28 68 -- 
Waste cooking oil 0.34 0.87-0.88 2.25-3.10 -- -- 
Biodiesel BIS 15607:2016 0.5 0.86-0.9 3.5-5.0 101 -- [23] 
WCO 2.45 0.92 3.62 -- -- This work 
Biodiesel 1.61 0.864 4.1 150 160 

 

 
 

Fig. 8 — FTIR spectra of WCO and biodiesel at different yield (a) over full range, (b) in the range 900-1500 cm-1, and (c) in the range 
1700-1780 cm-1 

Table 3 — Properties of WCO and biodiesel obtained in this work 
 WCO Biodiesel ASTM-6751 

biodiesel 
Kinematic viscosity at 40oC (cP) 3.62 4.1 1.9-6.0 
Acid value (mg KOH/g oil) 2.45 1.61 <0.8 
Density (g/m3) 0.876 0.864 0.86-0.90 
Flash point (oC)  150 100-170 
Fire point (oC)  160  
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Table 5 — Yield of biodiesel for reusability of the catalyst 
Run 
No. 

Time 
(min) 

Temp 
(°C) 

Catalyst 
weight (%) 

Ethanol:  
Oil 

Yield post reusability 
experiments (%) 

1. 15 50 3 6:1 94.66 
2. 15 50 3 6:1 90.44 
3. 15 50 3 6:1 89.50 
4. 15 50 3 6:1 80.95 

 

Nuclear magnetic resonance (NMR) spectroscopy  
The 1H-NMR analysis of WCO and biodiesel 

produced from WCO is shown in Fig. 9. The peak at 
0.85 ppm is the characteristic of triglyceride (-CH3) 
terminals present in saturated or unsaturated fatty acid 
chains, the sharp signal at 1.25 ppm corresponds to 
methylene group (-CH2-) of long fatty acid, 1.5 ppm 
represents carbonyl methylene group, 1.9 ppm signal 
represents -CH2- adjacent to double bonds, multiplet 
at 2.2 ppm correlates to the -CH2- present adjacent to 
the carbonyl group, 2.7 ppm represents a bisallylic 
group of unsaturated fatty acid, signals at 4.15–4.3 
ppm attributes to the proton of glyceride –CH2 
functionality and signal at 5.2 was due to the olefinic 
carbon (-CH=CH-). The formation of biodiesel can be 
assured by the presence of the carbonyl groups at the 
chemical shift of 2.2 ppm in the samples25.  

 

Catalyst reusability 
The ZnFe2O4 spinel catalyst used for the 

transesterification reaction was filtered from the liquid 
solution obtained from the transesterification reaction 
under optimized conditions and further used as the 
catalyst for the next cycle to test the recyclability of the 
catalyst. The yield obtained in each run is listed  
in Table 5. Fig. 10 shows the biodiesel yield  from  the  

 
 

Fig. 10 — Reusability test of the catalyst for multiple cycle under 
optimized reaction condition 
 

transesterification reaction after repeated catalyst usage 
for multiple cycles. The yield has reduced from 94.7 % 
for the fresh catalyst to 80.9% in the third cycle. 
Around 14% drop in active site on the catalyst surface 
can be observed after repeated usage for 3 cycles, 
which aligns with the reported values26. The 
degradation in the active sites is reported to be caused 
by active site blockage, deterioration in the active sites, 
and leaching of active sites. 

 

Microwave reaction mechanism 
The efficient heating of the reaction mixture during 

the transesterification reaction using microwave 
irradiation ensures an increased reaction rate with 
lesser side product formation. The electromagnetic 
energy in the microwave is transferred into heat 
energy using the liquid components present in the 
reaction mixture. The interaction of microwaves with 

 
 

Fig. 9 — 1H-NMR analysis of biodiesel sample 
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the materials can form electric and magnetic fields, 
which are responsible for dielectric heating and 
magnetic loss heating, respectively20. The ferrite 
materials have been reported to show magnetic 
heating of approximately four times higher than 
dielectric loss, corresponding to a higher catalyst 
heating rate using the microwave over conventional 
electric heating27.  

 

Conclusion 
The ZnFe2O4 spinel nanomaterial was synthesised 

by the sol-gel synthesis method, and the XRD 
characterization confirmed the Fd3m space group 
with an average crystallite size of 37.96 nm. 
Furthermore, the developed ZnFe2O4 spinel 
nanomaterial was adopted as the catalyst for waste 
cooking oil (WCO) transesterification reaction under 
a microwave environment for biodiesel formation. 
The effect of reaction parameters were analyzed, and 
it was found that the optimized conditions were a  
15 min reaction time, 50°C reaction temperature,  
6 wt% catalyst, and 6:1 ethanol:oil ratio, respectively, 
yielding a maximum biodiesel of 94.7%. FTIR 
analysis of WCO and biodiesel confirmed the various 
functional groups in the samples, and the formation of 
biodiesel was validated by 1H-NMR analysis. The 
reusability study confirmed that a biodiesel yield of 
around 80.9% was obtained when the catalyst from 
the initial cycle was reused for 3 cycles under the 
same reaction conditions. 
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