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Abstract
This paper states that it is possible to optimize the production of biodiesel using lemongrass oil with a heterogeneous catalyst which provides a sustainable and
environmentally friendly alternative to the existing fossil fuels. In optimized conditions, the transesterification process with the use of changes in methanol-to-oil
ratio, catalyst concentration, and reaction time had a maximum yield of 93% of biodiesel. The biodiesel produced fulfilled the ASTM fuel standards with desirable
density, viscosity, and flash point levels. Analysis of emissions substantiated that the emission of carbon monoxide, hydrocarbons, and smoke opacity were
considerably lower than those of fossil diesel, which highlights its environmental advantage. Moreover, the heterogeneous catalyst was found to be recyclable in
numerous cycles with minimum loss of efficiency which increased the economic feasibility of the process. In general, the results confirm the potential of lemongrass
oil as a potential non-edible feedstock and heterogeneous catalysis as a resourceful technique in clean biodiesel production that can be effectively used in large-
scale renewable energy systems.
Keywords: Biodiesel, Lemongrass Oil, Heterogeneous Catalyst, Transesterification, Renewable Energy.
Introduction
The growing energy demand in the world along with the very rapid depletion of the fossil fuel reserves and the related environmental issues have heightened the
search of the renewable and sustainable sources of energy (Elkelawy, 2022). Biodiesel has been identified as a potential alternative to petroleum-derived diesel
among the other renewable fuels because of its biodegradability, non-toxicity, and high capacity to cut down greenhouse emissions. Historically, biodiesel has been
derived out of edible oils with the use of homogeneous catalysts, which presents economic and environmental problems like problems of catalyst recovery
(Gowthaman, et al., 2024), soap formation and generation of wastewater.
To address these constraints, recent developments have turned to non-edible oil feedstocks and heterogeneous catalysts to increase the sustainability and
affordability of biodiesel manufacture (Vino, 2019). Lemongrass (Cymbopogon flexuosus), an aromatic plant that contains high amounts of essential oils and is
extensively cultivated in tropical areas, is an unexploited and unexplored an important source of non-edible oil that could be used to produce biodiesel (Hassan,
2023). It possesses high oil content, advantageous fatty acid composition as well as high growth rate, which makes it an attractive choice as a source of renewable
biofuels (Prakash, 2023).
This paper sets out to optimize the biodiesel production process of lemongrass oil with a heterogeneous catalyst, with the following important parameters of
transesterification of methanol-to-oil ratio, catalyst concentration, and reaction time. The fuel properties, the emission characteristics and reusability of catalyst is
also evaluated to determine the environmental and economic feasibility of the process (Mahgoub, 2023). This study will help the development of sustainable fuel
technologies and assist the world in switching to clean energy sources by using both the advantages of a renewable source of feedstock and a recyclable catalyst.
Lemongrass Biodiesel and Catalyst Optimization
The reason why lemongrass (Cymbopogon flexuosus) is selected as the biodiesel feedstock is because it is non-edible, can grow rapidly, it contains essential oil,
and it can grow on poor soils (Vellaiyan, et al., 2024).
2.1. Selection of Feedstock: It does not involve the food-versus-fuel problem that is the case with edible oil such as soybean or palm oil. The triglycerides and
long-chain fatty acids present in the oil extracted out of the lemongrass are suitable to be converted into biodiese (Mehra, 2023).
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Fig.1 Lemongrass Biodiesel

2.2. Oil Extraction Process: The oil is extracted by Soxhlet extraction apparatus, a common laboratory method of extracting solvent continuously by immersing
in dried lemongrass biomass. A non-polar solvent such as hexane is normally used (Sankaranarayanan, 2021). The dried plant matter is put in a thimble and the
solvent is evaporated, condensed and dripped on the material repeatedly until the essential oil dissolves. The technique guarantees good recovery and purity of oil
and the extract is therefore ready to be subjected to transesterification.
2.3. Transesterification Reaction: This is the most important chemical reaction that can be applied to transform lemongrass oil into biodiesel. It is the process of
reacting the extracted oil (triglycerides) with an alcohol (generally methanol) in the presence of a catalyst to form fatty acid methyl esters (FAMEs) (biodiesel) and
glycerol as by-product (Seeniappan,et al., 2022).
The general response is:

Triglyceride + Methanol — Biodiesel (FAME) + Glycerol
To the contrary, in this work conventional homogeneous catalysts are replaced by heterogeneous catalysts. Heterogeneous catalysts are not easily separated and
recycled like the heterogeneous catalysts. Examples are calcium oxide (CaO), magnesium oxide (MgO) or other solid base catalysts (Singh, 2023).
2.4. Reaction Parameters Optimization: In order to produce as much biodiesel as possible, and produce fuel of high quality, three principal reaction parameters
are optimized (Thiyagarajan, et al. , 2022):
Methanol to oil ratio: Unnecessary methanol causes the reaction to run to completion. Such ratios as 6:1, 8:1, and 9:1 are checked.
Catalyst concentration: Changing the concentration of catalyst (e.g., 1.0%, 1.5%, 2.0%) influences on the speed and the fullness of the reaction.
Reaction time: The time intervals (e.g., 60,90, 120 minutes) are also adjusted to achieve complete conversion at the minimum loss of energy.
The study yielded a high result of 93% of biodiesel under optimal conditions (9:1 methanol-oil ratio, 2% catalyst, 120 minutes) indicating that conversion was
successful.
2.5. Separation and Purification: Once the transesterification reaction occurs the mixture is left to settle into two layers:
Biodiesel (FAME) is separated diligently and is the top layer.
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The lower layer is glycerol, extra methanol and leftover catalyst.

The resulting mixture is then washed and dried to ensure there is no alcohol trace and impurities left in the mixture, resulting in the final product that can be used
by the engine (Subramanian, 2022).

2.6. Fuel Property Testing: Physicochemical properties of the produced biodiesel are tested to include:

Density

Viscosity

Flash point

Calorific value

All the measured parameters are compared to the ASTM D6751 so that the quality and safety of the fuel can be used in the CI engines.

2.7. Evaluation of emission performance: Tests conducted on engines have shown that lemongrass biodiesel helps in reducing the emission of harmful gases that
include:

Carbon monoxide (CO)

Hydrocarbons (HC)

Smoke opacity

These environmental advantages are mainly because of the oxygen-rich nature of biodiesel that causes greater combustion than fossil diesel does.

2.8. Catalyst Reusability: One of the most significant strengths of a heterogeneous catalyst is that it can be reused in several cycles. The experiment of reusability
in four cycles showed that the yield was reduced gradually (93 to 85), proving the sustainability and economic benefit of the catalyst (Subramaniyan, et al., 2025).
The production of biodiesel with lemongrass oil and heterogeneous catalyst is a feasible, green, and economically viable alternative to the traditional diesel. This
process has the potential of being adopted in renewable energy systems, particularly in areas where lemongrass is grown abundantly considering that it has high
yield, good fuel properties, low emissions, and the catalyst can be reused.

Research Methodology

3.1. Research Design:The research design is experimental as the production of biodiesel in the laboratory and its performance will be tested in a controlled
environment. Methanol to oil ratio, catalyst concentration and reaction time are the independent variables and biodiesel yield, fuel properties and emission
characteristics are the dependent variables.

3.2. Production of Lemongrass and the Extraction of Oil: Lemongrass (Cymbopogon flexuosus) was grown on the basis of standardized agronomic practices.
The oil extracted after harvesting was done in a Soxhlet apparatus, which allows continuous extraction of solvents and the highest recovery rates.

3.3. Process of Transesterification: A transesterification process was done on the extracted oil. The alcohol applied was methanol and a solid heterogeneous
catalyst was added to make the reaction possible. The procedure has been carried out in different conditions to identify the best settings:

Methanol-to-oil ratios: 6:1, 8:1 and 9:1

Catalyst concentrations: 1.0, 1.5, and 2.0 percent

Reaction times: 60, 90 and 120 minutes

3.4. Selection of the Catalyst: The choice of a heterogeneous catalyst was made on the basis of its thermal stability, large surface area, ease of separation and
reusability. In contrast to homogeneous catalysts, heterogeneous catalysts enable cleaner separation of products and less environmental damage (Vijayakumar, et
al., 2016).

3.5. Evaluation Criteria: Physicochemical properties of the output biodiesel are tested according to the ASTM standards. Reusability of catalyst and emission
features were also determined. Simulation and prediction of yield trends was done using machine learning tools.

Results and Discussion: This section presents a detailed analysis of the experimental outcomes related to the production and performance of lemongrass oil-based biodiesel.

4.1. Fuel Property Evaluation: Analysis of the biodiesel produced was carried out by physical and chemical properties as per the ASTM standards. Density,
viscosity, flash point and calorific value are noted.

Table 1. Fuel Properties of Lemongrass Oil-Based Biodiesel Compared to Diesel

Property Diesel Lemongrass Biodiesel
Density (kg/m3) 830 875
Viscosity (mm2/s) 2.5 4.8
Flash Point (°C) 60 148
Calorific Value (MJ/kg) 45 39.2

As can be seen in Table 1, the fuel property analysis of the lemongrass oil-based biodiesel has a big difference with the conventional diesel. The biodiesel density
was measured as 875 kg/m 3 as opposed to 830 kg/m 3 of diesel. This higher density means that there is more energy content per unit volume, but it has a slight
influence on fuel injection properties. Biodiesel also has higher viscosity (4.8 mm 2 /s) compared to that of diesel (2.5 mm 2 /s) and this makes it to have superior
lubrication abilities but may have an effect on atomization in Cl engines. The flash point of the biodiesel was significantly higher at 1480C than that of diesel at
600C and this made the biodiesel safer in regard to handling and storage since it is less flammable. The calorific value of biodiesel (39.2 MJ/kg) was however
lower than that of diesel (45 MJ/kg) implying that it had a slight decrease in energy production per kilogram. Nonetheless, the characteristics of the biodiesel are
within the acceptable ASTM limits, and this proves that the biodiesel is viable as an alternative to fossil diesel as it is renewable.

4.2. Biodiesel Yield Analysis

Factors that affected the yield were the concentration of catalyst, methanol to oil ratio and the reaction time. The enhanced conditions gave a good conversion rate.

Table 2.Biodiesel Yield Under Various Conditions

Methanol: Oil Ratio Catalyst (%) Time (min) Yield (%)
6:1 1.0 60 78
8:1 15 90 88
9:1 2.0 120 93

Biodiesel Yield Under Various Conditions
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Fig.2 Biodiesel Yield Under Various Conditions
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A comparison of the yield of biodiesel and the effect of different methanol-to-oil ratios, catalyst concentration and reaction time is shown in Table 2. The data
show a definite tendency of the rise of the yield in the process of the optimization of these parameters. The yield was 78% at a methanol-to-oil ratio of 6:1 and 1.0
percent catalyst in 60 minutes of reaction time. When the ratio of methanol to oil was raised to 8:1 with 1.5 percent catalyst and 90 minutes reaction time, the yield
rose to a very high value of 88 percent. Optimized condition of 9:1 methanol-to-oil ratio, 2.0% catalyst concentration and 120 minutes reaction time yielded the
maximum of 93 percent. This gradual rise in yield shows the significance of adequate availability of methanol and catalyst loading in ensuring that
transesterification reaction is taken to completion. It also puts a strong emphasis on the importance of sufficient reaction time in order to obtain maximum
conversion efficiency. Such conclusions prove that increased ratios of methanol and catalyst concentrations, as well as extended reaction times, increase the overall
yield of biodiesel production.

4.3.Catalyst Reusability

The heterogeneous catalyst retained significant activity over multiple cycles, making it a cost-effective option.
Table 3. Catalyst Reusability Over Cycles

Cycle Number Yield (%)
1 93
2 90
3 88
4 85

Catalyst Reusability Over Cycles
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Fig.3 Catalyst Reusability Over Cycles

Table 3 shows the reusability efficiency of the heterogeneous catalyst in the four successive cycles of transesterification. The catalyst used in the first cycle
produced a maximum yield of 93 percent that subsequently reduced to 90 percent, 88 percent and 85 percent in the second, third and fourth cycle, respectively.
This progressive decrease in the yield is a sign of a minor loss of catalytic activity on successive reuses, probably by factors like surface fouling, loss of active
sites or degradation of the structure of the catalyst. Nevertheless, the yield of the catalyst was still quite high after four cycles, which proves its high durability and
cost-effectiveness. The possibility of reusing the catalyst without much loss of efficiency is part of what makes the biodiesel production process economically and
environmentally sustainable since less of the fresh catalyst is required to be put into this process and the waste produced is minimal.

4.4.Environmental Benefits

The use of heterogeneous catalysts reduced soap formation, simplified product separation, and minimized wastewater generation. The lemongrass biodiesel
displayed reduced CO, HC, and smoke emissions compared to fossil diesel.
Table 4. Comparative Emission Characteristics

Fuel Type CO (g/kwh) HC (g/kWh) Smoke Opacity (%)
Fossil Diesel 24 1.2 35
Lemongrass Biodiesel 1.6 0.7 20

Comparative Emission Characteristics
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Fig.4 Comparative Emission Characteristics

The emission properties of lemongrass biodiesel and conventional fossil diesel are compared in Table 4 and it is noted that the environmental benefits of using
biodiesel. There was also a notable lowering of the carbon monoxide (CO) emission in the lemongrass biodiesel which was reduced to 1.6 g/kWh as compared to
diesel that emitted 2.4 g/kWh. In the same manner, the hydrocarbon (HC) emissions were cut to 0.7 g/kWh down to 1.2 g/k Wh. Besides, smoke opacity which is
a major indicator of particulate emissions reduced significantly by 35 percent when using diesel to 20 percent when using biodiesel. Such reductions have been
explained by the increased oxygen content of biodiesel that enables better combustion. Also, biodiesel burns cleaner and there is no sulfur hence less particulate
matter and formation of pollutants. All in all, these results show that lemongrass biodiesel is a more eco-friendly fuel, which can provide significant cuts in
dangerous emissions, and, therefore, allows promoting cleaner air and less impact on the environment.

Conclusion
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The study is able to prove the feasibility of biodiesel production of lemongrass (Cymbopogon flexuous) oil with heterogeneous catalyst proving the fact that it is
both environmentally and economically sustainable. The paper identifies the importance of optimizing the transesterification parameters, namely the methanol-to-
oil ratio, concentration of catalyst and reaction time in order to maximize the biodiesel yield. This confirmed the efficiency of the process since a high yield of
93% was attained under optimized conditions (9:1 methanol-to-oil ratio, 2% catalyst, 120 minutes). The biodiesel produced also met the major physicochemical
characteristics as required by ASTM D6751, thus it could be used in compression ignition engines without any major modification. In addition, the biodiesel
produced performed better in emissions than the conventional diesel and it significantly reduced carbon monoxide, hydrocarbons and smoke opacity. Such gains
can be explained through the oxygenated composition of biodiesel and the more clean-burning process it facilitates. The fact that the heterogeneous catalyst could
be reused up to four times with a relatively low loss of activity was another remarkable benefit of the process, which highlights the cost-efficiency and feasibility
of this method in the long-term application. The use of a non-edible, fast-growing, and locally available feedstock, in turn, dispels the food-versus-fuel controversy
and encourages agricultural diversification. The results make lemongrass oil based biodiesel a very attractive alternative source of energy that can play a significant
role in enhancing energy security in the world, rural development, and saving the planet. Potential future studies could entail scale-up, life cycle assessment, or
integration with waste biomass valorization to create an overall and circular biofuel production system.
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