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I. INTRODUCTION

A global solution to the ever-increasing demand for energy is urgently required. Sulfur dioxide, carbon dioxide, particulate
matter, and other gas emissions from burning fossil fuels are a major source of pollution, and these resources are finite [1]. The
renewable alternative biodiesel, made from canola oil, is becoming more popular for use in diesel engines. Vegetable oils used for
frying produce copious amounts of Canola Oil, which face disposal challenges. The production of biodiesel using them has the
advantage of being both cost-effective and environmentally conscious [2]. Transesterification, the prevailing method employed in
biodiesel production, entails catalysed chemical reactions between alcohol and vegetable oil [3], [4]. The majority of the biodiesel
production budget goes into buying the essential raw materials. Biodiesel production is able to maintain its low cost by utilising
inexpensive raw materials that comprise fatty acids.

Things like animal fats, and vegetable oil by-products fall under this category. The most popular and least expensive raw
material for biodiesel production is CO, followed by palm oil, jatropha oil, and soy bean oil [5], [6]. Particulate matter, unburned
hydrocarbons, and carbon monoxide are all reduced when biodiesel is burned compared to petrodiesel fuel. Reduced emissions of
sulphur dioxide are a side effect of burning biodiesel, which is derived from natural sources and hence contains less sulphur [7], [8].
Various scholars have put forward mathematical models that aim to optimise the circumstances for transesterification. The authors [9]
utilized ANN and RSM as mathematical models to predict the biodiesel yield. The authors [10] ,[11] ANN model was used to
manufacture biodiesel from used cooking oil [12].
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This study aimed to maximize the biodiesel yield from COs by studying the main factors of the transesterification reaction
using the RSM approach. It highlighted the process's benefits, shortcomings, and optimal circumstances. A comparison was made
between the biodiesel's properties and the European standard. The quality of biodiesel generated from CO was assessed and
investigated its effects on engine performance. We looked at the proposed flow sheet and the features of the engine exhaust pollutants.

Il. MATERIALS AND METHODS

A combination of canola oil, potassium hydroxide, phenolphthalein, distilled water, high-purity sodium hydroxide, ethanol,
and canola oil were used in this experiment.

11.1 FEEDSTOCK PRETREATMENT
CO needs to be disposed of because it includes certain contaminants.

1) The oil is first filtered by screening it to eliminate any solid particles.

2) The leftover solids in the oil are settled after 24 hours of filtering by letting it settle in the tank.
3) To get rid of any remaining debris or particles in the oil, a second filtering process is employed.
4) For 30 minutes, the oil is heated to 80°C in order to evaporate any moisture.

11.2 BIODIESEL PRODUCTION

The transesterification reaction was used to produce biodiesel. This was carried out in a 500 mL conical flask with 300 g of CO
in a laboratory-scale batch method. The experimental design dictated that the alcohol ratio be adjusted in relation to the time (t),
temperature (T), and stoichiometric ratio (S) for each run [13], [14]. The proportion of NaOH supplied to each sample was determined
by its free fatty acid (FFA) content, and all of the samples were mixed using a magnetic stirrer set to 250 rpm.

11.2.1 FABRICATION OF ETHANOL CATALYST SOLUTION

The proportion of FFA was used to alter the ethanol to NaOH ratio: One weight % oil was used as a catalyst when the free
fatty acid concentration was less than 1%; when the free fatty acid concentration was greater than 1%, the catalyst was [ % FFA] 0.144
plus 1% [15].

11.2.2 REACTION CONDITIONS

A mechanical stirrer was used to mix the oil with the ethanol catalyst solution at 250 rpm until the reaction was complete, after
the necessary temperature had been set. The variables that were examined included time, stoichiometric ratio, and temperature [16],
[17]. Table. 1 shows the ranges of these variables.

11.2.3 TRANSESTERIFICATION REACTION RESULTS ANALYZED STATISTICALLY

The experimental Statistical Design-Expert 11.1.2 Box-Behnken approach was implemented in order to optimise the
transesterification process. To determine the quantity of runs, employ the subsequent formula [18], [19]:

N=2k(k-1)+ Co 1)
Co constant no of trails at average conditions
N no of trails
k no of variables.

The mixture was funneled to separate the reactants once the reaction was finished and then permitted to sit for 24 hours.
Because of this, the crude ester phase and the glycerol phase were able to separate. Table. 1 displays the values selected for every
factors.

Table 1: Experimented parameters.

Factors Minimum. Midpoint | Maximum
Time (t) 40 60 80
Stochiometric Ratio (S) 1:4 1:6 1:8
Temperature (T) 30 60 90

Source: Authors, (2026).

While the glycerol was emptied from the bottom of the separating funnel, the container containing the biodiesel crude ester
remained unchanged. Following this, the crude ester (biodiesel) underwent two washes using heated water containing 50 vol %
biodiesel at 60°C until the formation of two distinct layers became apparent [20], [21]. At eliminate any remaining moisture, the
biodiesel was dried in a drier set to 110°C for a duration of thirty minutes.

I1l. RESULTS AND DISCUSSIONS

Table 2 displays the outcome of the statistical analysis. Time (t), temperature (T), and stoichiometric ratio (S) are the three
variables under investigation, and their interplay can be investigated using statistical design analysis.
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Table 2: Design of experiments.

Run | t[min] T[°C] S Conv. [wt %]
1 60 60 6 96.79
2 60 60 6 97.07
3 40 60 4 87.99
4 60 30 4 85.25
5 60 90 4 89.19
6 40 30 6 98.17
7 80 90 6 92.42
8 60 60 6 97.4
9 60 60 6 97.89
10 60 90 8 94.17
11 60 60 6 97.22
12 80 60 4 87.47
13 80 30 6 99.65
14 80 30 8 96.3
15 60 30 8 96.1
16 40 90 6 94.07
17 40 60 8 99.32

Source: Authors, (2026).

In order to ascertain the impact of altering the S on the biodiesel yield, the researchers calculated t and T while subjecting it to
its minimal, maximal, and mean values. A larger yield was also achieved by increasing the stoichiometric ratio, particularly when the
reaction was allowed to run for the maximum period of time at a low temperature of 30°C (80 min). The effects of temperature T on
reaction time t and stoichiometric ratio S variables were studied across a range of lowest, maximum, and average values to assess
biodiesel synthesis. At the maximum S of alcohol to oil (8:1) and within the designated reaction period, the yield can be enhanced by
lessening the T to either its minimal of 30°C or its mean of 60°C. The inverse proportionality remains unaffected by temperature
variations (80 min). The two variables, along with the S and T, demonstrated a direct proportional relationship with the biodiesel
production, according to an examination of the effects of altering t to its minimal, maximal, and mean values.

An approach to augmenting the yield involves extending the duration of the reaction. The best yield is achieved with an 80-
minute t, a feed T of 30°C, and a high S of 8:1 alcohol to oil. To plot every testing outcome, a 3D cube is utilized (Figure 1). With every
point situated on its periphery, the Box-Behnken pattern is unmistakably spherical. In the Box-Behnken design, each variable's upper
and lower limits define a cubic zone where no points are situated at its corners. The reaction yield-determining three parameters are
shown along the X-axis by the minimum value of t, the Y-axis by the maximum value of T, and the Z-axis by the maximum value of
the S between the alcohol and oil T. According to the cubic model, the optimal conditions for achieving a maximum yield of 98.22%
include an 80-minute t, an 8:1 S, and a minimum T of 30°C.

3D Scatterplot of Ratio vs Temperature (°C) vs Time (min)

a0

a0
L ] Temperature (C)

60 .
Time (min) a0

Figure 1: 3D graph depicting the outcomes of canola oil biodiesel production.
Source: Authors, (2026).

The minimal yield achieved was 82.15 %, as seen in the top right forward-facing edge of the cubic model. This was
accomplished at a T of 90°C, a t of 80 minutes, and a low S of 4:1. The projected cubic model possesses a statistically significant R2
value of 91.43 % and a P-value below 0.0001. Utilizing a S of 8:1, a maximum biodiesel recovery of 98.22% was achieved in 80 min at
30°C during the reaction. In order to validate the results, five runs were conducted under the parameters previously indicated. The
findings indicated that the average recovery of biodiesel was 95.66 %, with a standard deviation of 1.974 %. Since the margin of error
did not go beyond 2.6%, this demonstrates that the proposed model is valid.
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Figure 2: FTIR analysis.
Source: Authors, (2026).

As demonstrated in Figure 2, the CO biodiesel sample was compared to a standard sample and described using FTIR. The
existence of the following biodiesel properties peaks was observed in the first sample, as shown in Fig 2. There were stretching
absorption peaks at 3657, 3185, and 1892 cm! for OH, =CH, and C=0, respectively. There were two maxima for the stretching
vibrations of the -CH2 groups: one at 3113 cm! and the other at 3035cm™ . The C-O-C stretching vibration absorption maxima at 1152
and 1312cm? were determined to be anti-symmetric and symmetric, respectively, according to reference [22], [23]. In Table 3, you can
see the biodiesel characterization results.

Table 3: Specification of results.

Properties Units Optimal sample | European biodiesel standard
Flash point [C] 92 > 90
Calorific value [MJ kg™ 40.49 38.31
Density at 15 C [kg m~] 882.5 870-900
Acid range [mg KOH/g] 0.133 0.6
Viscosity at 40°C [mm?s] 4.40 3.6-5.2
Sulfur [mg kg™!] 0.004 10

Source: Authors, (2026).

The study employed a TG WAX-MS direct capillary column equipped with a 0.3 mm + 0.25 mm film thickness and a gas
chromatography to determine the biodiesel sample's chemical arrangement. Following three minutes of holding at 90°C, the oven was
progressively heated to 300°C for 24 minutes at a rate of 15°C per minute. The data confirming the synthesis of methyl ester from the
majority of triglycerides, which is pertinent to biodiesel, are presented in Table 4.

Table 4: Gas Chromatography analysis for the arranged biodiesel.
Time [min] Compound Area Pct
12.45 C15H300, 0.67
13.95 Ci17H3.0, 21.80
14.96 C19H340 43.61
15.49 C19H350, 9.63
16.07 C21H400> 4.24
16.18 C21H4,0 3.40
16.56 C15H2005 2.71
16.92 C15H260 2.03
17.17 C23H4s0 2.85
17.64 Ca4Has0> 0.62
18.11 Ca5H5002 4.31
18.56 CsoH 0.84
18.99 Co7H5402 1.72

Source: Authors, (2026).

This study examines the efficiency and pollution levels of a diesel, CO biodiesel, and blended biodiesel engine that is single-
cylinder, four-stroke, air-cooled, and direct-injection (B25, B50, and B75, where B25, e.g., means 25 % biodiesel Performance and
emission parameter results are founded upon research conducted on several factors including air-fuel ratio (AFR), volumetric efficiency
(VE), exhaust gas temperature (EGT), thermal efficiency (TE), specific fuel consumption (SFC), and concentrations of HC, CO, O2 and
CO2 emissions [24], [25].
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The average value after running each run three times we recorded. Less than 0.25 was the standard deviation. Figure 3 shows
the specific fuel consumption of biodiesel, mixed biodiesel, and Petro diesel in relation to the brake power of engine. As the engine load
increases, it falls. Samples of biodiesel and Petro diesel had the greatest and lowest specific fuel consumption values, respectively.
Typically, as the percentage of biodiesel increases, the particular fuel consumption also rises. The reason for this is because biodiesel
and its mixes have a higher viscosity and a lower heating value than Petro diesel. When operating at full load, the specific fuel
consumption values for B100, B75, B50, B25, and D100 were 0.59, 0.66, 0.59, 0.58, and 0.49, respectively [26].
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Figure 3: Comparison of SFC with engine load for various composition of diesel.
Source: Authors, (2026).

Figure 4 shows the relationship between the engine's braking power and the thermal efficiency of biodiesel, mixed biodiesel,
and petrodiesel samples. For all fuels, it rises as engine load increases. Increasing the amount of petrodiesel in each sample improves
thermal efficiency because biodiesel has a lower calorific value than petrodiesel and its ignition delay is smaller, causing combustion to
begin before the top dead centre. Because of this, the engine's thermal efficiency drops because compression work and heat loss are
both increased. Maximum load operation yielded thermal efficiency values of 22.2 % for B100, 16.66 % for B75, 20.39 % for B50,
22.42 % for D100, and 24.64 % for B25 [27].
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Figure 4: Comparison of thermal efficacy with engine load for various composition of diesel.
Source: Authors, (2026).

Figure 5 shows the temperatures of the exhaust gases as a function of the engine's braking power for three different types of
biodiesel samples: petrodiesel, mixed biodiesel, and biodiesel. The temperature of the exhaust gas will increase for every sample as the
engine load increases. Typically, the temperature of the exhaust gas increases as the percentage of petrodiesel in each sample increases.
On full load, the exhaust gas temperatures for B100, B75, B50, B25, and D100 were 262.90, 291.22, 346.91, 279.07, and 338.89°C,
respectively [28].
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Figure 5: Comparison of EGT with engine load for various composition of diesel.
Source: Authors, (2026).

Figure 6 illustrates the effect of volumetric efficiency on the braking force of the engine. Samples of biodiesel, mixed
biodiesel, and petro-diesel were utilised to evaluate the engine. While biodiesel, blended biodiesel, and petrodiesel all had good
volumetric efficiencies at low engine loads, the retained exhaust gases' higher temperatures caused the efficiencies to drop at high
engine loads. By warming and reducing the density of the incoming fresh air, the retained exhaust gases enhance both the volumetric
efficiency and the reduction in the amount of air required to supply the combustion chamber. At maximum load operation, the
volumetric efficiency values for B100, B75, B50, B25, and D100 were 68.74, 68.74, 67.52, and 67.49 %, respectively [29].
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Figure 6: Comparison of VE with engine load for various composition of diesel.
Source: Authors, (2026).

Figure 7 shows the CO: emissions associated with the engine's braking power for three different samples: one of biodiesel, one
of blended biodiesel, and one of petrodiesel. Biodiesel, blended biodiesel, and petrodiesel exhibited little CO2 emissions when operating
at low engine loads; however, their increased volumetric fuel consumption under high engie loads resulted in elevated CO. emissions.
Since biodiesel possesses a greater molecular oxygen content and a higher cetane number than petrodiesel, augmenting the petrodiesel
content in each sample results in an equivalent rise in the quantity of CO2 present in the exhaust gas. . At full load, B100, B75, B50,
and B25 produced CO: emissions of 3.81, 3.64, 4.40, 4.72, and 4.17%, respectively.
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Figure 7: Comparison of CO2 emission with engine load for various samples.
Source: Authors, (2026).

Figure 8 illustrates the carbon monoxide (CO) emission levels from the blended biodiesel samples, petrodiesel, and the
biodiesel sample, in conjunction with the associated engine braking power. Minimal engine loads resulted in low CO emissions from
biodiesel, blended biodiesel, and petrodiesel. However, high engine loads led to an increase in CO emissions due to factors such as
knocking, higher volumetric fuel consumption, and engine power output. Incomplete fuel combustion, together with the fuel's physical
and chemical qualities, is the primary determinant of CO emission production. Since petrodiesel has a lower cetane humber and a more
oxygen-rich molecular structure than biodiesel, increasing the amount of petrodiesel in each sample results in a greater concentration of
CO in the exhaust gas. At part load, CO emissions drop as engine load increases for all fuels tested; however, at full load, they rise
again as a result of increased fuel consumption. At maximum load operation, the CO emission values for B100, B75, B50, B25, and

D100 were 0.075, 0.073, 0.085, 0.088, and 0.091 %, respectively [30].
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Figure 8: Evaluation of CO emission with engine load for Various composition.
Source: Authors, (2026).

he relationship between oxygen levels and engine braking force is illustrated in Figure 9 for biodiesel, blended biodiesel, and
petrodiesel samples. Due to the combustion of a more concentrated mixture within the engine cylinder, the levels of oxygen were
significantly elevated during periods of low engine load and diminished during periods of high engine load. Increased petrodiesel
concentration in each sample resulted in a reduction in the oxygen content of exhaust gas. This was due to the higher oxygen
concentration of biodiesel within its molecular structure in comparison to petrodiesel. At full load, the oxygen concentration values for
B100, B75, B50, B25, and D100 were 23.69%, 22.96%, 21.96%, and 23.16%, respectively.
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Figure 9: Evaluation of oxygen with engine load for various mixture of biodiesel.
Source: Authors, (2026).

Regarding the engine's braking force, Figure 10 illustrates the HC emission levels of petrodiesel, mixed biodiesel, and
biodiesel samples. Hydrocarbon emissions from petrodiesel, mixed biodiesel, and biodiesel were negligible at low engine loads;
however, they escalated significantly at high loads as a result of higher fuel injection, which led to less oxygen and greater particle size.
In addition to the reduced quantity of Petro diesel present in each sample, the increased concentrations of HC in exhaust gas can be
attributed to the higher viscosity, inadequate atomization, and improper fuel-air mixing of biodiesel in comparison to petro-diesel. The
HC emission values for B100, B75, B50, B25, and D100, respectively, are 16.77, 15.78, 14.75, 15.74, and 11.70 ppm when operating at
full load.
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Figure 10: Comparison of hydrocarbon emission with engine load for various mixture of diesel.
Source: Authors, (2026).

IV. CONCLUSION

One of the best green energy options is biodiesel. Some of its many benefits include being very lubricating, having minimal
toxicity, not emitting sulphur, and not releasing particle matter pollution. The most popular biodiesel manufacturing process is
transesterification because it is easy to use, efficient, has a high conversion rate, and improves the fuel characteristics while reducing the
oil's viscosity. In comparison to other catalyst types, NaOH allowed for a larger ester content, was inexpensive, and had a number of
other desirable properties, making it an ideal as an alkaline homogeneous catalyst. As a result of its inexpensive price, low density,
molecular weight, and viscosity —all of which facilitate rapid solubility and diffusion—C2H60 was considered the optimal alcohol for
implementation in the transesterification process. The results were assessed using a S of 9:1, a T of 30°C, and a t of 80 minutes. The
anticipated maximum biodiesel recovery was 98.22%. Five runs were performed with the settings indicated above, resulting in an
average biodiesel recovery percentage of 96.68 % with a standard deviation of 0.48. With an error rate of less than 2.6%, the proposed
model is clearly valid. The production of methyl ester of the majority of triglycerides was confirmed by GC-mass and FTIR.
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The created biodiesel was determined to be comparable to commercial biodiesel and its blends derived from CO, as well as
pure petrodiesel and biodiesel blends, following diesel engine testing (B75, B50, and B25). The findings indicated that the biodiesel
exhibited superior efficiency and reduced emissions in comparison to the petrodiesel. In comparison to petrodiesel, the volumetric
efficiency, SFC, TE, EGT, and emissions concentrations of Carbon monoxide, Carbon dioxide, and Oxygen were all enhanced by the
CO biodiesel and its mixes.
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