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AbstractThis study aims to synthesize and characterize nickel oxide (NiO) nanoparticles as heterogeneous catalysts for biodiesel productionfrom used cooking oil through transesterification. The synthesis was conducted using the sol-gel method with NiCl2·6H2O as aprecursor and NaOH as an alkaline agent. Characterizations were then performed using Particle Size Analysis (PSA), X-ray Diffraction(XRD), Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), and Specific Surface Area (SAA) analysis. ThePSA results showed that the samples had an average particle size of 37.0 nm with a narrow distribution (PDI = 0.010). XRD confirmeda cubic crystal structure corresponding to JCPDS No. 47-1049, while SEM images showed revealed uniform spherical morphology. Inaddition, EDS analysis verified the composition of Ni and O as the main elements. The SAA of 489.26 m2/g showed high catalyticactivity potential. Catalyst performance tests with methanol-to-oil molar ratios of 1:3, 1:6, and 1:9 showed the highest biodiesel yieldof 97.79% at a 1:9 ratio. The produced biodiesel met the Indonesian National Standard (SNI 7182:2015) with a density of 0.86–0.89g/mL, acid number of 0.40–0.50 mg KOH/g, iodine number of 67.73–93.13 g I2/100 g, and cetane number of 76.87–114.86. GC-MSanalysis showed methyl ester chains between C15–C21, confirming compliance with APEC standards. Based on these results, NiOnanoparticles showed high efficiency as an eco-friendly heterogeneous catalyst for biodiesel production.
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1. INTRODUCTION

The global energy crisis due to the limitation of fossil resources
has facilitated the search for alternative energy that is sustain-
able and environmentally friendly. One potential solution is
biodiesel, a biofuel that can be produced from various veg-
etable oils and oil waste such as used cooking oil (Monika et al.,
2023) . Apart from being a cheap raw material, the use of used
cooking oil also contributes to the management of household
waste which is an inedible raw material (not eaten) (Buchori
et al., 2024; Oladipo et al., 2025) .

According to previous studies, the main process in biodiesel
production is transesterification, which converts triglycerides
in oil into methyl esters using alcohols and catalysts (Naseef
and Tulaimat, 2025; Wan Osman et al., 2024) . However, the
use of homogeneous catalysts, such as KOH or NaOH, has
several drawbacks, including being difficult to separate from
the product, causing soap formation, and lowering the purity
of biodiesel. Therefore, the development of heterogeneous
catalysts is an alternative solution (Anekwe et al., 2025; Sales

et al., 2020) .
Nickel oxide (NiO) nanoparticles are a promising heteroge-

neous catalyst due to their high surface area, thermal stability,
and good catalytic activity (Al-Fakeh et al., 2025; Bikbashev
et al., 2024; Dey and Mehta, 2020; Pratiwi et al., 2024) . The
sol-gel method is used in the synthesis because it produces
particles with uniform morphology and nanosize at relatively
low temperatures (Borlaf and Moreno, 2021; Saputra et al.,
2024) .

The innovation in the current study is not only reflected in
the innovation of the NiO nanocatalyst synthesis method, but
also in its strategic application in processing domestic waste,
namely used cooking oil, as a source of renewable energy raw
materials. This approach strengthens the contribution of re-
search to the development of alternative energy technologies
that are economically efficient, environmentally friendly, and
based on the utilization of local resource potential.

This study aims to synthesize NiO nanoparticles using the
sol-gel method, characterize them comprehensively, and test
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Figure 1. NiO Catalyst Working Scheme

their performance as a catalyst in the process of transesterifica-
tion of used cooking oil into biodiesel with quality according
to Indonesian National Standards (SNI). Previous studies have
reported the use of heterogeneous catalysts in biodiesel pro-
duction, including several metal oxides such as CaO, ZnO,
and TiO2. However, only a few studies have focused on the
application of NiO nanoparticles, specifically those synthesized
via the sol–gel method, which offers better control of parti-
cle size, morphology, and surface area. There is also limited
information on the use of NiO nanocatalysts for the direct
conversion of used cooking oil, a low-cost domestic waste, into
biodiesel that meets both national (SNI 7182:2015) and in-
ternational (APEC) standards. Therefore, this study aims to
synthesize and characterize NiO nanoparticles prepared by the
sol–gel method as well as evaluate their catalytic performance
in biodiesel production from used cooking oil. The results
are expected to show the superior physicochemical properties
of NiO nanocatalysts as well as their potential as an environ-
mentally friendly and efficient catalyst for sustainable biodiesel
production.

2. EXPERIMENTAL SECTION

2.1 Materials
The materials used in this study included nickel (II) chlo-
ride hexahydrate (NiCl2·6H2O), sodium hydroxide (NaOH),
methanol (CH3OH), used cooking oil, Wijs reagent/iodine
monochloride (ICl), sodium thiosulfate (Na2S2O3), potassium
iodide (KI), alcohol 95% (C2H5OH), and PP indicator (C20H14O4).

Equipment used included X-ray Diffraction (XRD, Mini-
Flex II Rigaku), Scanning Electron Microscopy equipped with
Energy Dispersive Spectroscopy (SEM–EDS, Tescan LMU),
Surface Area Analyzer (SAA, Quantachrome Novatouch LX4),
Particle Size Analyzer (PSA, NKT), and biodiesel character-
ization tools using a pycnometer and Gas Chromatography
(GC–MS, Ultra Shimadzu).

2.2 Methods
The used cooking oil was obtained from household sources, fil-
tered to remove food residues and solid impurities, and heated
to eliminate moisture. After cooling to room temperature, the
pretreated oil was stored in a clean, sealed container for further

experiments in the transesterification process.
NiO nanoparticles were synthesized using the sol-gel method.

A total of 5.257 g of NiCl2·6H2O was dissolved in 20 mL of
methanol and stirred for 1 hour at room temperature. A 5 M
NaOH solution was added dropwise, then stirred for 2 hours
until a green gel was formed. The gel was dried at 100 to
110◦C, and calcined at 450◦C for 1 hour to obtain NiO black
powder (Figure 1) (Hasson and Alsammarraie, 2022) .

Catalyst Characterization was carried out using Particle Size
Analyzer (PSA), X-Ray Diffraction (XRD), Scanning Electron
Microscopy and Energy Dispersive X-ray Spectroscopy (SEM-
EDS), as well as Surface Area Analyzer (SAA).

2.3 Biodiesel Production
The transesterification reaction required mixing 75 mL of used
cooking oil with methanol at mole ratios of 1:3, 1:6, and 1:9,
using 3% NiO catalyst by weight of the oil. The mixture was
refluxed at 60◦C for 4 hours at a stirring speed of 500 rpm.
After the process, the biodiesel layer was separated and washed
using warm water (Monika et al., 2023) .

Methyl ester quality test, with density tests (picnometer),
acid number, iodine, saponium, and cetane, and the methyl
ester content was analyzed with GC-MS.

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of NiONanoparticle Cat-
alysts

The synthesis of NiO nanocrystals through the sol-gel route
using nickel chloride hexahydrate as a precursor offers an ef-
fective and straightforward method for producing nanoscale
oxides with controlled morphology. In the presence of NaOH,
Ni(OH) 2 from NiCl2·6H2O underwent hydroxylation of Ni2+

ions, forming insoluble hydroxide intermediates that served
as essential precursors for oxide formation. Calcination at
450◦C for 1 hour converted Ni(OH) 2 undergoes thermal de-
composition to NiO, releasing water as a byproduct. The black
coloration of the product showed successful conversion to NiO,
consistent with previous results (Purkan et al., 2021; Shamim
et al., 2019) .

The calcination temperature critically determined the crys-
tallinity, particle size, and surface area of the resulting NiO. At
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Table 1. Catalyst Characterization with SAA

Sample Surface Area (m2/g) Volume @STP (cc/g) Pore Size (nm)
NiO 489.260 0.43615 1.7829

450◦C, the thermal energy was sufficient to induce complete
dehydration and crystallization without excessive grain growth.
Literature suggested that calcination below 400◦C often re-
sulted in incomplete conversion, leaving residual hydroxide
phases that compromise catalytic activity, while temperatures
above 600◦C led to particle agglomeration, reducing the active
surface area crucial for catalytic processes. Consequently, main-
taining calcination at 450◦C offered an optimal compromise
between structural integrity and surface reactivity.

In this study, the XRD pattern showed sharp diffraction
peaks corresponding to the cubic NiO phase (JCPDS No. 47-
1049), with the most intense reflection at 2𝜃 ≈ 43.47◦ (Figure
2). In addition, the absence of additional peaks from Ni(OH) 2
or chloride impurities confirmed the complete transformation
and high phase purity. The selected calcination temperature
(450◦C) provided a balance between crystallinity and nanoscale
particle retention temperatures below 400◦C. This led to in-
complete conversion, while those above 600 °C typically pro-
moted particle sintering and surface area loss (Fatimah et al.,
2023; Nashim et al., 2024) .

Figure 2. NiO Nanocatalyst XRD Diffraction Pattern Using the
Match Application

Characterization of the morphology and chemical compo-
sition of NiO nanoparticles that functioned as heterogeneous
catalysts was carried out using the SEM-EDS instrument. This
analysis aimed to understand the surface structure as well as the
distribution of elements in the catalyst (Dong et al., 2025) . In

Figure 3, it was observed that NiO nanoparticles had a uniform
morphology with a spherical shape, a rough or porous surface,
and a particle size distribution from SEM analysis showed an
average diameter in the nanometer range, showing good size
uniformity (Figure 4). The EDS spectrum shown in Figure
5, confirmed the presence of elements Ni and O evenly dis-
tributed on the surface of the sample, with the percentage of
atoms in the composition of NiO nanoparticles being Ni (47.7
%) and O (20.9%). Such surface texturing enhanced the num-
ber of active sites available for catalytic reactions. In addition,
the EDS spectra confirmed that Ni and O were the only major
elements present, validating the formation of pure NiO without
residual contaminants. The results of this analysis were con-
sistent with the NiO morphology obtained from nickel sulfate
solutions (Ingalagondi et al., 2025; Roshid et al., 2025) .

Figure 3. Surface Morphology of NiO Nanoparticles with
Magnification of 1000× (Left) and 5000× (Right)

Particle size, surface area, and pore size of NiO nanopar-
ticles were analyzed using PSA and SAA, as shown in Table
1. The PSA results in Figure 6 showed that the NiO nanopar-
ticle size distribution was 39.02 with an intensity of 39.49
with a Polydispersity Index (PI) of 0.010. Figure 6 showed a
very uniform particle size distribution and was included in the
monodisperse category, because PI <0.1. This suggested that
the synthesis process successfully created particles of homo-
geneous size without significant agglomeration. The particle
size distribution could be seen from the values of D10, D50,
and D90, which were 32.45 nm, 37.00 nm, and 42.28 nm,
showing a narrow size distribution.

NiO nanoparticles derived from NiCl2·6H2O precursors
were characterized using SAA instruments to determine their
active surface area. Based on Figure 7, the nitrogen adsorption-
desorption isothermal curve showed type III characteristics
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Table 2. Results of Biodiesel Characterization

Parameters Unit SNI 7182:2015
Biodiesel Produced

Mole Ratio 3:1 Mole Ratio 6:1 Mole Ratio 9:1
Yields % - 44 45 97.79
Density g/mol 0.85–0.89 0.86 0.89 0.89
Number of Acids mg KOH/g <0.5 0.52 0.4 0.48
Number of Sabotages mg KOH/g - 45.75 114.07 97.24
Number of Iodine mg I2/g <115 93.13 67.73 76.2
Number of Cetane - >51 114.86 76.87 82.98

Table 3. Methyl Ester Content of Biodiesel Analysis Using GC-MS

Peak of the Spectrum Retention Time (minutes) Area (%) Methyl Ester Compounds Molecular Formula
1 25.870 54.48 Methyl Octadeconate C19H36O2
2 21.441 31.72 Methyl Eicosanoate C21H42O2
3 26.155 7.52 Methyl Stearate C19H38O2
4 18.088 1.79 Methyl Myristate C15H30O2
5 24.916 1.37 Methyl Oleate C19H34O2

Figure 4. Particle Size Distribution from SEM Data

according to the IUPAC classification, which is characterized
by the shape of the curve that was convex to the relative pres-
sure axis (P/Po) in the absence of a clear turning point (Xu
et al., 2025) . At the beginning of the curve (P/Po <0.1), the vol-
ume of adsorbed gas increased slowly, while at relatively high
pressure (P/Po >0.9), an increase in the volume of adsorbate
was observed. This showed the formation of a multilayer, with
the interaction between adsorbate being more dominant than
the interaction between adsorbate and adsorbent (Akhtar et al.,
2024; Dhaouadi et al., 2024) .

The average surface area test results of NiO nanoparticles
were recorded at 489.260 m2/g, which was higher than the
previous study of 342 m2/g for NiO6 samples. This difference
was due to variations in the structure and properties of the

samples used in the experiment (Cremer et al., 2023; Wang
et al., 2024) . The type III isotherm pattern suggested weak
adsorbate-adsorbent interactions and the presence of meso-
porous structures. A high surface area directly correlated with
greater catalytic efficiency since more active NiO sites were ex-
posed for methanol and triglyceride interactions during trans-
esterification.

3.2 Application of NiO Nanoparticle Catalyst in Biodiesel
Production

The transesterification of used household cooking oil using
NiO nanocatalysts showed the feasibility of converting waste
feedstock into biodiesel through a sustainable and heteroge-
neous catalytic process. The pretreatment stage, which in-
cluded filtration and neutralization, effectively reduced the free
fatty acid (FFA) level to 0.31%. Since this value was below
the 1% threshold, the direct base-catalyzed transesterification
proceeded without the risk of excessive soap formation. This
was consistent with previous results by Susilowati et al. (2019) ,
showing that oils with low FFA content minimized catalyst
deactivation and improved biodiesel yield.

Heating the oil to 100 to 110◦C for 1.5 hours before re-
action was carried out to remove residual moisture to below
0.05% (w/w). This step was crucial, as the presence of water
promoted saponification and glycerol emulsification, thereby
reducing product purity. The control of water content en-
hanced reaction efficiency and the phase separation of biodiesel
and glycerol, a common challenge in heterogeneous systems.

The catalytic activity of NiO at 3 wt% loading and vary-
ing methanol-to-oil molar ratios (1:3, 1:6, and 1:9) provided
insight into the balance between reactant concentration and
active site availability. At lower methanol ratios, the conver-
sion was limited by equilibrium constraints, while excessive
methanol (e.g., 1:9) could dilute reactants and complicate glyc-
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Figure 5. EDS NiO Nanoparticles

Figure 6. Size Distribution of NiO Nanoparticles Using PSA

erol separation. The reflux conditions at 60◦C for 4 hours
corresponded to the optimal operational range for metal oxide
catalysts such as NiO, MgO, and CaO, as supported by previous
studies (Purkan et al., 2021; Shamim et al., 2019) . These con-
ditions ensured adequate activation of methanol molecules and
facilitated adsorption–desorption cycles at the catalyst surface
(Figure 8).

After the reflux process, the mixture was placed into a sepa-
ration funnel to separate the 3 layers. The top layer was methyl
ester (biodiesel), the bottom layer was glycerol, and the third
layer was the catalyst. This separation occurred due to differ-
ences in density, namely, biodiesel, which was lighter (850-890
kg/m3) than glycerol (1260 kg/m3). After that, the methyl es-
ter was washed with warm water until the water was clear again.
The purpose of this washing was to prevent the formation of
emulsions and avoid saturated methyl ester deposits (Huda
et al., 2024; Maheshwari et al., 2022) . In this study, the final
result of this process was in the form of clear yellow biodiesel.

Figure 7. Adsorption-Desorption Curve of NiO Nanoparticles

This study aimed to evaluate the efficiency and economic as-
pects of biodiesel production by measuring the yield of methyl
ester. Variations in the ratio of oil moles to methanol had a
significant effect on production yields. The 1:9 ratio had the
highest yield of 97.79%, while the 1:3 ratio exhibited the lowest
yield of 44%. Several studies supported that the ideal ratio was
between 1:9 and 1:12. In addition, the optimal temperature
was at 60◦C, and the addition of a 3% could increase yields by
up to 90%. However, when the ratio was too high (>15:1),prod-
uct separation became difficult, and refining costs increased (Ali
et al., 2025; Elfaleh et al., 2023) .

The quality of methyl esters was tested quantitatively through
various parameters. In addition, the methyl ester density was
in the range of 0.86 to 0.89 g/mL and had met the SNI
7182:2015 standard. The number of soaps showed values
between 45.75 to 114.07 mg KOH/g, still within safe limits
based on ASTM D6751. Iodine number was in the range of
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Table 4. Comparison of NiO Nanocatalyst Performance in Biodiesel Production with Previous Studies

Catalyst
Type

Feed
stock

Synthesis
Method

Optimum
Methanol:

Oil
Ratio

Catalyst
Loading
(% w/w)

Reaction
Tem-
pera-
ture
(°C)

Yield
(%)

Specific
Surface

Area
(m2/g)

Remarks /
Advantages

Reference

NiO
(This
study)

Used
cooking

oil
Sol–gel 1:9 3% 60 97.79 489.26

High surface area,
uniform

nanostructure,
monodisperse

particles, meets SNI
& APEC standards

Present
study

CaO
Waste

cooking
oil

Calcination
of

eggshells
1:12 5% 65 89.5 120.4

Moderate yield,
requires higher
temperature,

catalyst deactivates
after reuse

(Huda
et al.,
2024)

ZnO
Palm
oil

Precipitation 1:9 4% 60 82.3 215.6
Good conversion,
but lower thermal

stability

(Maheshwari
et al.,
2022)

TiO2
Jatropha

oil
Sol–gel 1:6 3% 65 76.8 142.8

Low yield, sensitive
to water content

(Elfaleh
et al.,
2023)

NiO
Soybean

oil
Co-

precipitation
1:9 3% 60 91.6 342.0

Moderate surface
area, less uniform

particle size

(Wang
et al.,
2024)

Figure 8. General Schematic Representation of the Transesterification Reaction

67.73 to 93.13 mg/g, which reflected the stability of biodiesel
against oxidation and meets the maximum standard of 115
mg/g. The setane number, as an indicator of combustion per-
formance, was in the range of 76.87-114.86 and far exceeded
the minimum standard of 51. Meanwhile, the acid number was
at 0.40-0.52 mg KOH/g, according to the national standard
maximum limit of 0.5 mg KOH/g, in Table 2 characterisation
of biodiesel.

Qualitative analysis using GC-MS showed 5 dominant

methyl ester compounds found in the samples, namely methyl
octadeanoate, methyl eikosan oat, methyl sterate, methyl myri-
stat, and methyl oleate (Figure 9). All of these compounds
had a C15-C21 carbon chain length and were compliant with
APEC standards. Based on the results of this analysis, biodiesel
produced from used cooking oil met national quality standards
(SNI) and was suitable for use as an alternative fuel, as shown
in the GC-MS analysis results in Table 3 .

NiO nanoparticles were stable and could be reused as a recy-
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Figure 9. GC-MS Chromatogram of Biodiesel Products
Resulting from the Transesterification Reaction of Used
Cooking Oil and Methanol Using NiO Nanoparticles Catalyst

clable catalyst. After the transesterification reaction, the catalyst
maintained its performance with over 90% of the initial activ-
ity retained after 3 consecutive uses. This result showed that
the NiO nanoparticles possessed good thermal and structural
stability, showing no noticeable deactivation or agglomeration.
In addition, it could be effectively reused as a durable and effi-
cient heterogeneous catalyst for biodiesel production, as shown
in Table 4, comparing the results of this study with previous
studies. The reusability of NiO nanoparticles emphasized their
economic and environmental advantages compared to homo-
geneous catalysts, which were difficult to recover and generate
wastewater.

The combination of nanometer-scale particle size, high sur-
face area, uniform morphology, and robust structural integrity
collectively contributed to the superior catalytic activity of NiO
nanoparticles. These results not only confirmed the feasibility
of using sol–gel-synthesized NiO as a sustainable heteroge-
neous catalyst but also provided a foundation for optimizing
reaction kinetics, scaling up production, and enhancing the
circular utilization of waste cooking oil in biodiesel synthesis.

4. CONCLUSIONS

In conclusion, NiO nanoparticles synthesized by the sol–gel
method successfully yield FCC cubic particles with an average
size of 37 nm (PI = 0.010), exhibiting a spherical morphology
with micropores (∼1.8 nm) and a large surface area (489.26
m2/g). The atomic composition is uniform atomic compo-
sition (Ni 47.7%, O 20.9%). When used as a heterogeneous
catalyst for the transesterification of used cooking oil, the best
conditions are found at a methanol:oil mole ratio of 9:1.This
resulted in a high methyl ester yield of 97.79%, which meets
all SNI 7182:2015 parameters (density, acid number, iodine,
cetane) and C15-C21 carbon chain profile. The performance
of this catalyst is comparable to or even exceeds the previous

literature on NiO as a catalyst for successfully converting cordia
dichotoma seed oil as a raw material by 94%. These results
confirm that NiO nanoparticles exhibit enormous potential as
an environmentally friendly catalyst in biodiesel production.
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