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INTRODUCTION 

Biodiesel is a renewable fuel which contain 
mono-alkyl esters resulting from long-chain fatty 
acids, typically sourced from vegetable oils or 
animal fats. Its sustainable nature and lower emis-
sions of greenhouse gases and particulate matter 
make it a strong alternative to conventional diesel. 
Additional benefits include excellent lubricating 
properties, a high cetane number, elevated flash 
point, and significant biodegradability. While 
edible oils have been examined for biodiesel 

production, their cost-intensive feature presents 
a substantial barrier. Therefore, researchers have 
started diverting their attention to more affordable 
alternatives, like non-edible oils Jatropha curcas 
and waste cooking oils. Oil yield is one of key 
factors considered in choosing an appropriate 
biodiesel feedstock. It is believed that the crops 
producing higher quantity of oil are preferred due 
to lower production costs [Baskar and Soumiya, 
2016]. Biodiesel is produced via transesterifica-
tion, which involves triglycerides and alcohol re-
acted in the presence of a nanocatalyst. During 
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ABSTRACT
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formation of Zn–O and Fe–O bonding was affirmed through FTIR spectra, while XRD analysis demonstrated the 
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acid value of 1.20 mg KOH/g, and a viscosity of 25.63 mm²/s.. Transesterification was carried out under optimized 
reaction conditions, comprising a methanol-to-oil molar ratio of 12:1, reaction temperature of 50 °C, catalyst 
loading of 2% Fe(II)-ZnO, and a reaction time ranging from 10 to 180 minutes. The produced biodiesel exhibited 
a density within the ASTM D6751 standard specifications. While the flash point was slightly elevated making it 
suitable for blending with petro-diesel the viscosity remained marginally higher than standard diesel fuel.
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this reaction, fatty acid and methyl esters (FAME) 
are generated while the glycerol results as a by-
product. Common alcohols used in this reaction 
are methanol and ethanol, Brayko et al. [2018]. 
Jatropha oil, can be considered one of the most 
promising sources. Its high ricinoleic acid con-
tent characterized by the presence of a hydroxyl 
group contributes to its naturally high density 
and viscosity. These properties, together with its 
solubility in alcohol, have significant effect on the 
efficiency of transesterification process, Hara et 
al. [2009]. Homogeneous and heterogeneous cat-
alysts are used for the production of bioethanol. 
Heterogeneous ones are more efficient because 
of due to their reusability and ease of separable, 
making them proper for both batch and continu-
ous operations. Nowadays, nanocatalysts have 
attracted considerable interest, owing to their 
high surface area and catalytic efficiency. Their 
easy separation from reaction products further 
enhances their industrial appeal, according to Ki-
rubakaran et al. [2018]. In industrial applications, 
heterogeneous catalysts are especially valued for 
their selectivity and simple post-reaction separa-
tion. Nanomaterials, known for their tunable and 
unique surface properties, have gained significant 
attention across a wide range of applications [Da-
mian et al., 2025; Das, 2025; Krawczyk et al., 
1996; Rajagopal, 2007; Sathish and Viswanath 
et al., 2007; Sharma, et al 2018; Sharma, et al., 
2018; Sudhagar et al., 2008], making them highly 
suitable for catalyzing biodiesel production. In 
recent years, several nano-sized heterogeneous 
catalysts have been investigated for use in the 
transesterification process [Yuan et al., 2014; Teo 
et al., 2018; Yousefi et al., 2018; Gardy et al., 
2018; Yuan et al., 2014; Hussain, 2022; Hussain, 
2023]. However, many of these processes still 
require extended reaction times (3–9 hours) and 
elevated temperatures (65–120 °C), which can 
hinder efficiency. 

To overcome these limitations, in the current 
research Fe(II) doped ZnO and its composites 
were developed, which are capable of accelerat-
ing the transesterification reaction at lower tem-
peratures, while also offering easy separation 
after the reaction. Fe(II) doped ZnO and its com-
posites have shown promise in this regard, due 
to their ability to retain essential properties even 
after repeated catalytic cycles. Fe(II) doped ZnO 
achieving cost-effective catalyst recovery and re-
use without compromising the integrity or activity 
of the active sites of the catalyst. The significant 

contribution of this work emerges from use of lo-
cally grown Jatropha curcas extracted oil as a re-
newable, low-cost, and abundant resource. More-
over, Fe(II) doped ZnO shows multifunctionality 
combining fast catalytic activity, cost-effective, 
catalyst recovery and reuse without compromis-
ing the integrity, making it an ecological, cost-
effective, and easily retrievable catalyst for the 
bioethanol production. 

MATERIALS AND METHODS

Materials and regents

All chemicals, such as ZnO and Fe sulfates, 
NaOH, and methanol for the transesterifica-
tion reaction were bought from local market of 
Hyderabad Al-Beruni scientific store of sigma 
Erich chemicals supplier company.

Fabrication of iron (II)-ZnO nanocatalyst 

Fe(II) doped ZnO nanocatalyst was fabricated 
using the co-precipitation method described by 
Sampa et al. [2015]. Initially, appropriate quanti-
ties of zinc and ferrous sulfate were disbanded in 
double distilled water (DDW) to form sol-A, sub-
jected to ultrasonic treatment at a frequency of 57 
kHz for two hours, followed by continuous stir-
ring at room temperature using a magnetic stirrer. 
In parallel, a 0.5 M sodium hydroxide (NaOH) 
solution (Sol-B) was set using DDW. Sol-B was 
slowly added to Sol-A till the pH of the mix-
ture reached 12. The resulting mixture was then 
stirred continuously for an additional 30 minutes. 
The solution was left to age at room temperature 
for 18 hours. After aging, the precipitate was 
separated by centrifugation and washed repeat-
edly with ethanol and DDW to eliminate any re-
maining contaminations. The obtained solid was 
dried in an oven at 200 °C for one hour, resulting 
in a brown-colored powder of Fe(II) doped ZnO 
nanocomposite. Finally, the dried product was 
calcinated at 700 °C to enhance crystallinity.

Fe (II)-ZnO nanocatalyst characterization

Morphological features of synthesized Fe (II) 
doped ZnO nanocatalyst was characterized by 
scanning electron microscopy (SEM), x-ray dif-
fraction (XRD) were employed evaluate the crys-
talline size and phase composition. Functional 
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groups and species adsorbed on the catalyst sur-
face were investigated through fourier transform 
infrared spectroscopy (FTIR) while the atomic 
force microscopy (AFM) technique was ap-
plied to assess the average grain size and surface 
roughness of catalyst. Moreover, Gas chromatog-
raphy-mass spectrometry (GC–MS) investigation 
was implemented to estimate the finally produced 
biodiesel and fatty acid profile.

Transesterification of Jatropha curcas oil

The transesterification of Jatropha curcas 
oil was conducted in a batch process using a 500 
mL beaker equipped with a magnetic stirrer and 
a heating plate. To begin, the required amount of 
catalyst was thoroughly mixed with methanol in 
the beaker. Subsequently, a pre-measured quan-
tity of Jatropha oil was added to the methanol–
catalyst mixture. The amount of catalyst used was 
determined based on its weight ratio relative to 
the oil (g catalyst/g oil). The reaction mixture was 
heated to the desired temperature and maintained 
under continuous stirring or left undisturbed de-
pending on the experimental conditions and the 
reaction time. After the specified reaction period, 
the resulting solution was shifted for extraction 
in separating funnel and allowed to settle for ap-
proximately 2 hours to facilitate the separation 
of the product layers. The denser glycerol phase 
settled at the bottom and was carefully removed, 
while the upper biodiesel phase was collected, 
washed with warm distilled water to remove im-
purities, and then dried and measured for yield. 
The residual catalyst at the bottom of the reaction 
vessel was carefully collected, regenerated, and 

reused in subsequent cycles to evaluate its reus-
ability. Transesterification reactions were carried 
out by varying key process variables such as con-
centration of catalyst (2–18%), methanol to oil 
molar ratio (5:1 to 14:1), reaction time (10–180 
minutes), and temperature (40–60 °C). 

The final biodiesel product consisted primar-
ily of fatty acid methyl esters, along with minor 
components such as monoglycerides, diglycer-
ides, and unreacted triglycerides. These compo-
nents were identified and computed using gas 
chromatography coupled with mass spectrometry 
(GC–MS), and the biodiesel yield or conversion 
efficiency was subsequently calculated.

 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑜𝑜𝑜𝑜𝐵𝐵𝑜𝑜𝐵𝐵𝐵𝐵𝐵𝐵𝑜𝑜 (% ) = 

= 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝑏𝑏𝑖𝑖𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇 𝑇𝑇𝑏𝑏𝑇𝑇𝑇𝑇𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 𝑇𝑇𝑜𝑜 𝐽𝐽𝑇𝑇𝑇𝑇𝐽𝐽𝑇𝑇𝐽𝐽ℎ𝑇𝑇 𝑂𝑂𝑖𝑖𝑇𝑇 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 ⨉ 100  (1)

Properties of Jatropha carcus oil 

Before transesterification the properties of 
Jatropha curcas oil was determined through gas 
chromatograph analyses shown in Table 1, 2 and 
Figure 1. The reaction parameters were optimized 
by varying experimental conditions. Table 3 dem-
onstrated the optimized parameters.

RESULTS AND DISCUSSION

Characterization 

Atomic force microscopy (AFM)

The synthesized Fe(II)-ZnO characterized 
by AFM at HEJ Research Institute of Chemistry, 
Karachi. AFM is a versatile imaging technique 

Table 1. Physical properties of Jatropha carcus oil
Acid value (mg KOH/gm) Density (kg/m3) Viscosity (Cst) Flash point (°C)

1.20 909 at 25°C 25.63 250

Table 2. The gas chromatographic analysis of Jatropha carcus oil
Fatty acid (weight %)

Olic acid Palmitic acid Linoleic acid Stearic acid Linolenic acid

70.6 15 7.9 1.8 0.6

Table 3. Optimized experimental condition for biodiesel production with Fe(II) doped ZnO
Jatropha curcas  oil to 
methanol (molar ratio) Temperature (°C) Reaction time (min) Catalyst to Jatropha

curcas oil (g)
1:12 50 150 2
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that provides 3D topographical information and 
insights into the mechanical properties of surfac-
es at the nanoscale. In this study, a Veeco AFM 
(model Nano Scope IIIa) equipped with a liquid 
cell and integrated with an automated syringe 
pump was used. AFM captured 2D and 3D imag-
es of the nanocatalyst, revealing distinct elevated 
features and elevated smooth surface structures 
resembling bumps. (Figure 2). The image space 
was 25 µm, 251 µm, 52.4 µm on x, y, and z axis, 
respectively, reveal elevated and distinct features, 
with heights varying up to about 50 nm.

Fourier transform infrared spectroscopy FTIR

FTIR allows for the identification of specific 
functional groups within the sample, proving par-
ticularly valuable for identifying acidic sites in 
Fe(II)-ZnO. FTIR spectra exhibited stretching vi-
brations between 500–800 cm⁻¹ characteristic of 
Fe-O or Zn-O bonds. The peaks in the 1000–1500 
cm⁻¹ region are attributed to metal-oxygen bonds 
or O-H groups. A strong band at 1650 cm⁻¹ indi-
cated the presence of adsorbed water molecules 
(Figure 3).

Figure 1. Schematic diagram of production of biodiesel from Jatropha curcas oil Fe(II) doped ZnO

Figure 2. Atomic force microscopy of Fe(II) doped ZnO
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Zeta potential

Zeta potential is used to assess the stability of 
colloidal suspensions. A high zeta potential sig-
nifies strong interparticle repulsion and a stable 
suspension, while a low zeta potential indicates 
instability. Factors like ionic strength and pH in-
fluence zeta potential. This technique is essential 
for determining surface charge and stability, as 
illustrated by zeta potential measurements same. 
Zeta potential is negative 4.01 mv, zeta deviation 
is 3.93 and caducity 0.0251 (Figure 4).

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis, a non-
destructive technique for characterizing crys-
talline materials, was performed using Bruker 
Germany equipment (Figure 5). The analysis 

revealed distinct peaks corresponding to ZnO and 
Fe2O3 phases. The peak with the highest intensity 
(141.4926) at 35.8777° had a d-spacing of 2.503 Å 
and a relative intensity of 100%. This indicates 
the presence of highly crystalline hydrotalcite.

The biodiesel produced undergoes analysis in 
PCSIR lab Complex and Wuhan golden wing in-
dustry (Table 4). 

Biodiesel exhibits a slightly elevated acid 
value above the recommended 0.5 mg KOH/g, 
posing a risk of engine corrosion, deposits, and 
potential catalyst deactivation. While its density 
falls within the ASTM recommended range (870–
900 kg/m³ at 15 °C), suggesting good engine com-
patibility in blends, its higher viscosity (typically 
2.5–5 cost is permissible limit) affects fuel flow 
and injection system efficiency. Although accept-
able, the borderline acid value needs attention, as 
it can also impact fuel stability, promoting gum 

Figure 3. Fourier transform infrared spectroscopyof Fe(II) doped ZnO

Figure 4. Zeta potential of Fe(II) doped ZnO
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Figure 5. X-ray diffraction of Fe(II) doped ZnO

Table 4. Testing of produced biodiesel with Fe(II) doped ZnO

Test Equipment name Equipment model Testing method Limit Synthesized 
biodiesel Parameter

Density at 40 °C 
(kg/m3)

Weight (Rd bottle/
balance Av-65 ASTM D4052 860–900 884

PCSIR 
laboratory

Viscosity at 40 °C 
(Cst) Viscometer Kv.6 Viscometer 

UK ASTM D 0.5–5.0 13.09

Acid value (mg KOH/g ) Titration method – ASTM D664 0.8 0.5207

Flash point (°C) Close up flash 
point tester FP Tester13661.4 ASTMD93 130 148

Oil composition Gas 
chromatograph Gc: 7890B Mass spectra – – Wuhan golden 

wing industry

Table 5. Comparison of current study with available literature 

Catalyst Time 
(min) Temperature (℃) Methanol/oil molar 

ratio
Catalyst amount 

(%)
Conversion 

(%) Reference

Fe+2ZnO 150 50 1:12 2 98.5 This work

ZnO 180 65 30 6 96.5 Darvishvand et al (2024)

Sm-LaNiO3 180 80.07 9.07 3.08 95.14 Safaripour et al., (2023)

Li-CaO 150 65 15 4 97.8 Kumar and Gupta (2020)

Na-CaO 210 60 6 3 83.57 Kurniawan et al., (2020)

formation and sedimentation. The flash point, 
crucial for safe handling and storage, was also 
assessed. The quantity analysis reveals that bio-
diesel recovery was 98.5%.

Comparison of present study with available 
researchers 

To evaluate the catalytic efficiency of the 
synthesized Fe(II)-doped ZnO, its performance 
was compared with various reported metal oxides 

and doped metal oxide catalysts utilized in bio-
diesel production, as summarized in Table 5. The 
Fe(II)-doped ZnO catalyst demonstrated superior 
activity, achieving a high conversion efficiency of 
98.5% within a reduced reaction time and very 
catalyst dose, thereby outperforming several re-
ported counterparts. Safaripour et al. [2023]. re-
ported a LaNiO₃-based perovskite catalyst which 
exhibited a conversion efficiency of 95.14% over a 
reaction time of 180 minutes. Kumar et al. [2020] 
employed a Li-CaO solid base catalyst derived 
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from Musa balbisiana root oil, which achieved 
a biodiesel yield of 97.8% in 150 minutes. Ad-
ditionally, Kurniawan et al. [2020] synthesized a 
Na-doped CaO catalyst, resulting in a conversion 
of 83.57% after 210 minutes of reaction time. In 
contrast, the Fe(II)-doped ZnO catalyst developed 
in the present study not only facilitated a higher 
conversion rate, but also significantly reduced the 
required reaction time, highlighting its enhanced 
catalytic performance and potential as an efficient 
heterogeneous catalyst for biodiesel production 
via transesterification.

CONCLUSIONS

Scaling up biodiesel production requires 
catalysts that are energy-efficient to synthesize, 
promote fast transesterification, and offer easy 
reusability. In this study, Fe(II) doped ZnO com-
posites were successfully synthesized and charac-
terized using multiple analytical techniques. The 
transesterification process was completed within 
150 minutes hours, 50 °C and 2% catalyst dose, 
yielding biodiesel rich in C18 methyl esters. No-
tably, the Fe(II) doped ZnO. nanoparticles exhib-
ited soft ferromagnetic properties, with high mag-
netization and low coactivity, allowing for rapid 
and effortless magnetic separation using a low 
magnetic field. These nanoparticles demonstrated 
a recovery efficiency of approximately 90 ± 2% 
and maintained high catalytic activity upon re-
use. Given these promising features, Fe(II) doped 
ZnO nanocomposite present a strong potential as 
a reusable catalyst for biodiesel production. How-
ever, further optimization of reaction parameters, 
dopant levels, and feedstock types is necessary 
for effective large-scale application.
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