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A B S T R A C T

Amidst rising global demand for sustainable energy substitutes and the complex hindrances connected with a
full-scale shift to new technologies, internal combustion engines (ICEs) using biofuels like biodiesel are pro-
gressively acquiring a vital role. However, an immediate global focus is required for cost-effective and echo-
friendly biodiesel production. The issues linked with the operating parameters of these ICEs mandate method-
ical optimization. The study utilized microbubble-mediated esterification with p-toluene sulfonic acid, achieving
89.9 % biodiesel conversion from waste chicken fat in 30min. Waste chicken fat biodiesel (WCFB) met ASTM
D6751 and EN-14214 standards, demonstrating its potential as an alternative fuel. A single-cylinder, direct-
ignition engine was tested with WCFB blends (10%, 20%, 30%, and 40%) to assess performance and emissions
in comparison to diesel fuel. Using response surface methodology, optimized conditions (14.2%WCFB and
1845 rpm) resulted in a 5.6% increase in torque, 8.9% more brake power, and a 7.7% improvement in brake
thermal efficiency, along with a 15.9% reduction in brake-specific fuel consumption. Carbon monoxide emis-
sions decreased by 4.6%, while exhaust gas temperature and NOx emissions increased by 10.9% and 4%,
respectively. This study aligns with multiple sustainable development goals, contributing to a more sustainable
and resilient future for the planet.

1. Introduction

There are 1.2 billion passenger automobiles and 380 million com-
mercial vehicles in operation that are utilizing internal combustion en-
gines (ICEs) for propulsion [1]. The registered motor vehicles only in
Pakistan are projected to exceed 30 million by year 2025. In Pakistan,
over 50% of energy consumption relies on petroleum products like
furnace oil, diesel fuels (DF), and gasoline. Road transport is the largest
oil-consuming sector, with 46% of export earnings spent on oil imports.
ICEs using biofuels like biodiesel are gaining importance because of the
rising need for sustainable energy solutions and the difficulties in
complete transfer to new technology [2]. Therefore, immediate action is
required for the optimization of these ICEs to address critical problems
with their emissions, and performance [3].

The recognition of an affordable and easily accessible raw material
for biodiesel synthesis is significant [4]. Sustainable development goals
(SDGs), SDGs 7 (affordable and clean energy) and 13 (taking climate
action), emphasize the need to switch to sustainable and clean energy,
are exactly in line with this investigation [5]. The expense of raw ma-
terials accounts for 70–95% of the total biodiesel synthesis cost [6].
Furthermore, the waste-to-energy production reduces emissions while
supplying the world’s energy needs [7]. Energy generated from garbage
instead of fossil fuels reduces environmental harm and carbon dioxide
(CO2) emissions [8]. In comparison to feed stocks, the waste chicken fat
(WCF) is an affordable feedstock, costing less than 120 USD ton-1. It is
also widely accessible around the world as biodegradable waste. For
instance, roughly 115,500 tons of chicken fat are wasted each year in
China, and 77,000 tons are wasted each year in India, respectively [9].
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Pakistan’s poultry sector is well-established and generates 1.26% of the
country’s gross domestic product (GDP) [10]. One million tons of
manure are produced annually by more than 25,000 chicken farms [11].
A novel bionic flow-induced peristaltic reactor with high conversion rate
is developed for efficient biofuel production from high-concentration
fluids, achieving a conversion efficiency of 89.9% at 10 s, significantly
higher than traditional rigid tube reactors [12]. Due to its low cost and
easy accessibility, there is a high potential to use it as a biodiesel feed-
stock. Furthermore, the current concern of Pakistan regarding waste
management can be greatly improved.

The benefits can only be grasped if biodiesel is produced in a
convenient, responsible (SDG 12), frugal, and eco-friendly manner (SDG
9) [13]. These SDGs promote sustainable industrial growth, ingenuity,
and infrastructure for ecological sustainability and economic progress
[14]. Furthermore, the prevalent technique for biodiesel synthesis,
transesterification, involves a catalyst-mediated interaction between
alcohol and high-density lipoprotein [15,16]. During biodiesel produc-
tion, chicken fat undergoes alkaline catalysis saponification, which can
be challenging due to the high content of Free Fatty Acids (FFAs). The
saponification process can be reduced converting all FFAs into Fatty
Acid Methyl Esters (FAMEs) to increase the efficiency of biodiesel pro-
duction. In addition, the process increases downstream separation costs
[17]. Another restriction of acid catalysis is the development of equi-
librium, which results in a reaction rate 4000 times slower than trans-
esterification [18]. The primary reason for this constraint is that
methanol from feedstock oil has a non-homogenous or low-homogenous
character. The extent of close contact that occurs between the reactants
is significantly reduced owing to the formation of a thin methyl group
linked to a hydroxyl group (MeOH) layer. As a direct consequence of
this, the rate of mass transfer is slowed down. The present study has
utilized an innovative method that involves the infusion of methanol in
the form of microbubbles to address the very concern.

Table 1 outlines the past investigations undertaken by several re-
searchers who prepared biodiesel from WCF using various catalysts and
examined its influence on engine emissions and efficiency. Zheng et al.
conducted a study to compare diesel engine operating characteristics
during high-load engine conditions using canola, soy, and yellow grease-
derived pure biodiesel (B100) biodiesel fuels. The authors concluded
that biodiesel possessing a cetane number (CN) comparable to diesel
demonstrated relatively elevated NOx emissions [19]. Wei, L. et al.
conducted research on the impact of biodiesel-n-butanol blends for
diesel engine’s performance, combustion, and emissions. The study
revealed lower levels of carbon monoxide (CO) and hydrocarbon (HC)
emissions [20]. Behçet et al. produced chicken oil methyl ester from

inexpensive waste fish and chicken oils via transesterification. The fuels
were employed in a diesel engine to ascertain the emissions trends. The
biodiesel utilization reduced CO, HC, CO2, and increased NOx emissions
[21]. El-Shafay et al. produced chicken fat oil biodiesel via esterification
and transesterification. Adding biodiesel in diesel fuel resulted in a 12%
reduction in CO emission [22].

However, Shudo et al.’s findings demonstrated that biodiesel-
ethanol blends reduce NOx and smoke emissions while having signifi-
cant impact on brake thermal efficiency (BTE) [23]. Dhana Raju, V. et al.
achieved a decrease of 24.4% in HC and a 16.9% reduction in CO by
combining a 20% lemon peel oil blend with 10% diethyl ether [24].
Aydin et al. noted that 20% sunflower oil based biodiesel blend with
80% diesel resulted in higher BTE and lower CO emissions values. In
addition, increment in nitrogen oxides (NOx) emissions was also
observed at lower engine speeds [25]. Chaurasiya, P.K. et al. achieved
the lowest levels of CO2 and smoke particles using 95% of diesel fuel,
diethyl ether and, n-butanol mixture with hydrogen supplementation of
5% [26]. Elkelawy et al. investigated sunflower-soybean oil methyl
ester production via catalyzed transesterification. Response surface
methodology (RSM) optimization yielded optimal values of BTE
(13.66%), HC (120.77 ppm), and NOx (234.89 ppm) emissions for 70%
biodiesel and diesel blend formation [27]. Upendra Rajak et al. evalu-
ated compression ignition engine performance and emission indices
using diesel and spirulina microalgae-based biodiesel (SMB) blends. The
fuel blend (20% by volume) depicted a reduction in brake torque, ef-
ficiency, and mechanical efficiency, while reducing NOx, smoke, and
CO2 emissions [28]. In lieu of the past studies, there exists a gap in the
optimization of WCFB utilization in diesel engines. Table 1 displays the
novelty of the present study where RSM is utilized by examining a more
diverse set of outputs to optimize the engine that is powered with WCFB

The current study provides a multifaceted approach that in-
corporates innovative feedstock utilization and, microbubble-mediated
mass transfer along with comprehensive optimization technique. The
study offers an innovative solution to the related waste management
issue by recycling waste chicken fat that would otherwise be discarded.
Additionally, multiple SDGs are well-aligned with this strategy. Addi-
tionally, extending the study’s geographical scope outside Pakistan
provides insightful information on the possible uses of waste-derived
biodiesel in various areas with diverse waste management in-
frastructures and energy demands. This research is notable for its
contribution to reaching multiple SDGs simultaneously and promoting a
sustainable and resilient future for the entire planet.

Table 1
Summary of researchers’ work exploring different catalysts for the production of waste chicken fat biodiesel and examining its impact on engine performance and
emissions.

Author Catalyst Performance Emissions Engine Optimization

Esterification Transesterification Torque BP BSFC BTE EGT CO CO2 NOx

Behçet et al.
[21]

H2SO4 NaOH ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ×

Barik and Vijayaraghavan
[29]

H2SO4 Na2O3Si ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ×

Ge et al. [17] H2SO4 CaO (eggshells) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ×

Mohiddin et al. [30] H2SO4 NaOH × ✓ ✓ ✓ × × × × ×

Kirubakaran [31] HCL CaO (eggshells) × ✓ ✓ ✓ × ✓ ✓ ✓ ×

Şen et al. [32] H2SO4 KOH ✓ ✓ ✓ ✓ × ✓ ✓ ✓ ×

El-Shafay et al.
[22]

H2SO4 KOH × ✓ ✓ ✓ ✓ ✓ ✓ ✓ ×

Yi-Chia et al. [33] H2SO4 CaO (eggshells) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ×

Wang et al.
[34]

H2SO4 KOH × ✓ ✓ × ✓ ✓ × ✓ ×

Kinnal et al.
[35]

H2SO4 NaOH × × ✓ ✓ × × × × ×

Present
Study

PTSA (Single Step Esterification -Microbubbles Process) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

M. Usman et al.
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2. Materials and methods

This section elaborates on WCFB production, the outline of the
experimental blueprint for engine testing, and engine optimization
driven by RSM.

2.1. Biodiesel production

The production methodology is summarized in Fig. 1. WCF was
gathered from a nearby slaughterhouse located on the periphery of
Lahore, Pakistan. Tap water was used to cleanse it and eliminate blood
and solid impurities to extract chicken fat oil (CFO). 5 kg of purified
chicken fat was heated to 110 ◦C for six hours using an ovenmade of Bio-
Base China. Whatman® grade 42 filter paper was used to separate the oil
from the solid debris. The characteristics of the acquired CFO are out-
lined in Table 2.

The method for WCFB production involves the infusion of methanol
as microbubbles for enhancing the rate of mass transfer during esteri-
fication processes [36,37]. Owing to reduced buoyancy, microbubbles
linger longer in the liquid phase, aiding methanol-CFO mass transfer.
The reaction rate is increased by their greater surface penetration and
longer retention period. Larger bubbles might, however, develop as a
result of clumping. Even so, the small size of microbubbles allows for a
longer residence time in laminar flow, which leads to significant inner
fusion and uniformity at a millisecond scale for microbubbles that are

100 mm in size [38].
During the research, biodiesel production conditions were adopted

based on the literature study [39]. This involves a molar ratio of 1–13.7,
operating at 70◦C, for 30 min. The catalyst was loaded at 7 wt%, with a
headspace ranging from 1 to 1.5 in. PTSA and CFO were first mixed for
45 min before being introduced to the reactor to start the esterification
reaction in the presence of the catalyst PTSA. A temperature-controlled
heating mantle was utilized to heat MeOH while vapor pressure was
measured at 1.025 bar using the Bourdon gauge. MeOH vapors were
introduced into the reactor as bubbles. The process halted once the
necessary quantity of MeOH evaporated. The reaction mixture’s tem-
perature was observed and controlled during the process. At different
time points, samples were collected and subjected to liquid-liquid
extraction with heated ultrapure water. The mixture of samples and
water resulted in the formation of two layers. The process involved
repeated separation using a separation flask to ensure thorough isolation
of glycerol and catalyst from the biodiesel layer. The specimens were

Fig. 1. The methodology for making waste chicken fat biodiesel through the microbubble esterification process.

Table 2
Chicken fat oil properties.

Property Value

Viscosity (40◦C) 44.2mm2/sec
FFA 7%
Acid Value (KOH/g) 13.9 mg
Density 925 kg/m3
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dehydrated using a Buchi R-210 evaporator to eliminate any remaining
trace amounts of MeOH. A Shimadzu system was utilized to direct
GC-FID analysis. Table 3 outlines the primary parameters considered in
the analyses.

2.2. Experimental strategy for engine testing

A Lombardini - 15 LD 315 single-cylinder, 4-stroke, direct injection,
air-cooled diesel engine was utilized for testing. Table 5 outlines the
technical features of the engine. The blend composition has a significant
impact on the results of engine testing. Therefore, reasoned selection for
the appropriate blend composition is required. The study investigated
four fuel blends initially: WCFB10 (10 % CFO biodiesel - 90 % DF),
WCFB20 (20 % CFO biodiesel - 80 % DF), WCFB30 (30 % CFO biodiesel
- 70 % DF), and WCFB40 (40 % CFO biodiesel - 60 % DF). The original
test rig is presented in Fig. 2.

Fig. 3 depicts the diagram of the experimental test arrangement. The
testing involved no structural modification of the engine. The engine
operated at 2200 rpm, with a gradual increment in the load until the
engine speed was reduced to 1000 rpm by steps of 200 rpm. The emis-
sions and EGT were quantified using the Testo 350 analyzer. The
dynamometer control panel accurately recorded speed, torque, and
momentary fuel consumption. Readings were recorded at a steady state
when the engine was stabilized. DF values were used as a reference for
other blends. Each test was run three times and the average results were
noted.

2.3. Uncertainty analysis

Uncertainty analysis may be used to determine the correctness of
established parameters. Furthermore, it shows the amount of inaccuracy
in each reading of the experimental setup. Table 6 displays the accuracy,
measurable range of parameters, and uncertainty in the measurements.
However, the overall uncertainty of the experimental setup (Uexp) is
estimated using the following equation.

Uexp = [(1)2 + (0.5)2 + (0.5)2 + (0.5)2 + (1)2 + (1)2 + (1)2]1/2

Uexp = 2.18 %.

2.4. Optimization of engine operational variables

The study aimed to optimize WCFB proportion and engine speed to
achieve optimal performance and emission levels. For this very purpose,
RSM was incorporated by using Design Expert-13. RSM aids in effec-
tively exploring the complicated design space and builds a mathematical
model using a small number of well-selected experimental points despite
evaluating every potential combination of variables [40]. A
multi-objective historical design with continuous numeric factors
(WCFB proportion and speed) was chosen. Responses included torque,
BP BSFC, BTE, CO, CO2, NOx, and EGT. Optimization was conducted at

95 % confidence interval levels. Experimental interaction between
multiple factors was assessed by using Analysis of Variance (ANOVA), a
widely used statistical method. The probability that the observed results

Table 3
Primary parameters of Gas chromatography-flame ionization
detection (GC-FID) analysis.

Parameter Value

Injection Temperature (K) 523
Flow Rate (mL/min) 1.5
Split Ratio 2.1
Carrier Gas Nitrogen
Oven Program: 
Starting Temperature (K) 423
Hold Time (min) 0.5
Ramp to 473 K (K/min) 35
Ramp to 498 K (K/min) 4
Ramp to 516 K (K/min) 80
Final Hold Time 6

The method and materials utilized to measure the biodiesel’s
physical characteristics are given in Table 4.

Table 4
Measurement and instrument details for physical characteristics of biodiesel.

Measurement Instrument/Method Used

Density VTD-DDM 2911,
Temperature Controller: Peltier Thermostat ( ± 0.01 K)

Viscosity Rotational Rheometer
Temperature Controller: Oil Bath ( ± 0.3 K)

Iodine Value EN− 16300
CN Giakoumis and Sarakatsanis Equation
Carbon Residue Content ASTM-D189–06
Saponification Value ASTM-D5558–95

Table 5
Technical features of the test engine.

Parameter Value

Bore(cm) 7.8
Stroke (cm) 6.6
Displacement (cm3) 315
Injection type Direct
Maximum Torque(2400 rpm) 15 Nm
Compression ratio 20.3:1
Engine Weight 33 kg
Lubricant Oil Sump Capacity (Liters) 3.1
Recommended Battery 12/144 (V/Ah)

Fig. 2. Original engine test rig.
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might have occurred by chance and that the factor(s) won’t significantly
affect the response variables was evaluated by p-value. Table 7 illus-
trates the p-values for the responses below 0.05, suggesting a note-
worthy influence of WCFB proportion and engine speed on each
response.

The selection of a suitable model relies on the predicted coefficient of
determination (R2), a reasonably consistent comparison between the

predicted and adjusted R2, and the p-value. An R2 value near 1 indicates
a perfect linear relationship in the curve. Table 8 displays the R2 values
obtained from the ANOVA test, which indicate a well-fitting model and
strong agreement with the experimental data.

RSM results are interpreted by combining "Weight" and "Impor-
tance," which consider data variability and reliability as key factors in
distinguishing the response. Table 9 illustrates the limitations and
optimization setup. RSM analysis is strengthened by these insights,
resulting in increased robustness and effectiveness.

3. Results and discussion

3.1. Methodological advantages of waste chicken fat biodiesel production

In the study, MeOH is injected as microbubbles in the reactor. The
minute dimensions and extensive interfacial surfaces of the micro-
bubbles, enhanced mass and heat exchange at the bubble interface. The
localized heating from the large heat flux reduced film thickness, pro-
moting faster reaction completion. MeOH microbubbles reduced the
buoyancy, prolonging the duration of residence. The reaction starts as
the protonated CFO and MeOH bubbles come into contact. Firstly, the
process was aided by the abundance of protonated CFO, increasing the
concentration of biodiesel. The gradient of CFO concentration lessens
over time. Comparing this study to earlier ones, Table 10 demonstrates
much better biodiesel conversion in a shorter time.

3.2. Characteristics of chicken fat oil-based biodiesel

The experimentally measured characteristics of CFO-based biodiesel
are depicted in Table 11. The calorific value measures significantly
higher than the ASTM standard for diesel, indicating its potential as an
energy-rich alternative [54]. The carbon residue falls below the EN
standard and only slightly exceeds the ASTM standard, positioning it
favorably as a substitute for petroleum diesel. Moreover, the CN of
CFO-biodiesel surpassed both standards, presenting an attractive alter-
native fuel choice.

3.3. Performance characteristics

The correlation linking engine speed and braking torque for DF,
WCFB10, WCFB20, WCFB30, and WCFB40, is shown in Fig. 4(a). Brake
torque increased with engine speed up to 2000 rpm but declined after-
ward. Despite biodiesel’s lower heating values, higher oxygen content
enabled greater engine torque at low speeds. This results from enhanced
combustion efficiency within the fuel-rich region, effectively harnessing
the higher oxygen concentration [28]. Biodiesel blends have higher
densities than diesel, leading to more fuel in the cylinder, increasing
torque due to viscosity, and reduced pump leakage [55]. The diesel
engine power with DF achieved 8.10 Nm torque at 2000 rpm, while
WCFB fuels (WCFB10, WCFB20, WCFB30, WCFB40) recorded 8.15 Nm,
8.24 Nm, 8.03 Nm, and 7.99 Nm at the same speed. Comparatively,
WCFB20 and WCFB40 showed the highest torque increase, 2.04 %. The
torque ratings of biodiesel blends were lower than diesel’s above
2000 rpm owing to decreased heating value and high value of viscosity
hindering atomization and combustion. Furthermore, the engine en-
counters constraints in terms of intake airflow, cylinder filling, frictional
inefficiencies, valvetrain functioning, exhaust backpressure, and me-
chanical stress [56].

Fig. 4(b) depicts that when speed increases up to 2000 rpm BP in-
creases. The highest BP achieved by DF was 1696.46 W at 2000 rpm. At
the same speed, the BP for WCFB10, WCFB20, WCFB30, and WCFB40
was 1706.93 W, 1725.78 W, 1681.79 W, and 1673.42 W respectively.
WCFB20 demonstrated the highest BP among all test fuels.

Fig. 5(a) presents that BSFC first decreases as the engine speed rises
until 2000 rpm, after which it declines with higher speeds. Due to
increased combustion efficiency and better air-fuel mixing, BSFC

Fig. 3. Schematic diagram of the experimental test arrangement.

Table 6
Accuracy, Measurable range, and Uncertainty in measurements.

Parameters Range measurable Accuracy Uncertainty (%)

Power 0–110 kW 0.5 kW ± 1
Speed 0–7000 rpm 2 rpm ± 0.5
Fuel Consumption - 0.1 kg/kWh ± 0.5
EGT 0–1300 ◦C 0.1 ◦C ± 0.5
NOx 0–4000 ppm ± 5 ppm ± 1
CO 0–10000 ppm ± 10 ppm ± 1
CO2 0–50 % ± 0.3 vol% ± 1

Table 7
p-value of the responses obtained by analysis of variance.

Response A B AB

Torque 0.0066 < 0.0001 0.022
BP 0.0204 < 0.0001 0.0091
BSFC 0.0112 < 0.0001 0.0439
BTE 0.00491 < 0.0001 0.0511
CO 0.0257 < 0.0001 0.0002
CO2 < 0.0001 < 0.0001 < 0.0001
EGT 0.005 < 0.0001 0.0006
NOx < 0.0001 < 0.0001 -
A = WCFB Proportion B = Engine Speed

Table 8
Performance matrix of the Response surface methodology (RSM) model.

Response R² Adjusted R² Predicted R² Lack of fit

Torque 0.9697 0.9484 0.9193 0.0851
BP 0.9839 0.9726 0.9578 0.0924
BSFC 0.9831 0.9712 0.9596 0.2889
BTE 0.9832 0.9715 0.9595 0.1544
CO 0.9731 0.9634 0.9397 0.6409
CO2 0.982 0.9789 0.9721 0.7874
EGT 0.9923 0.9896 0.9861 0.9991
NOx 0.9772 0.9758 0.9725 0.0850

M. Usman et al.
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initially declines (up to 2000 rpm), resulting in lower fuel consumption
for a given power output. Beyond 2000 rpm, however, BSFC rises as
more fuel is consumed per unit of output due to greater frictional and
pumping losses, as well as shorter combustion times, which negate the
advantages of enhanced efficiency [57]. The lowest BSFC for DF was
recorded to be 0.298 kg/kW.h at 2000 rpm. At the same speed, the BSFC
for WCFB10, WCFB20, WCFB30, and WCFB40 was found as
0.2790 kg/kW.h, 0.2610 kg/kW.h, 0.2870 kg/kW.h, and 0.309 kg/kW.
h, respectively. WCFB10, WCFB20, and WCFB30 demonstrated a
decrease in fuel economy for DF on average of 3.790 %, 6.950 %, and
2.240 % respectively. For WCFB40, BSFC was 2.91 % higher than DF.
The high value of density and viscosity of WCFB40 led to delayed pre-
mixed combustion due to poor atomization. WCFB20 had the lowermost
BSFC at all speeds.

Fig. 5(b) depicts that BTE rises with speed up to a certain point and
then declines. This can be credited to higher friction and a reduction in
time needed to complete combustion at high engine speeds [58]. DF’s
highest efficiency of 28.69 %. was measured at 2000 rpm. At the same
speed, the BTE for WCFB10, WCFB20, WCFB30, and WCFB40 was
28.88 %, 29.03 %, 28.46 %, and 28.21 %, respectively. When compared
to DF, the WCFB10 and WCFB20 average increases in BTE were deter-
mined as 0.8 %, and 1.9 %, respectively. The average decline in BTE for

WCFB30 and WCFB40 biodiesel blends compared to DF was 1.2 % and
1.9 %, respectively, due to their lower heating values and increased BSFC.

3.4. Analysis of emissions

In Fig. 6(a), as engine speed increases, CO emissions decrease due to
the hot cylinder gas accelerating combustion rate [59]. DF exhibited the
highest CO emission at 1000 rpm (725 ppm), while WCFB10, WCFB20,
WCFB30, and WCFB40 showed lower values at 659 ppm, 647 ppm,
626 ppm, and 614 ppm at the same speed, respectively. Compared to
DF, biodiesel blends had average CO emission reductions of 4.04 %,
6.13 %, 7.77 %, and 9.53 %. Higher biodiesel content in diesel blends,
along with the presence of oxygen, led to reduced CO emissions.

In Fig. 6(b), CO2 emissions increase with increasing engine speed for
all fuel mixtures. At 2200 rpm, DF exhibited the highest CO2 emission at
3.77 % vol. The biodiesel blends (WCFB10, WCFB20, WCFB30, and
WCFB40) had lower CO2 emissions: 3.68 % V, 3.62 % V, 3.58 % V, and
3.49 % V, respectively. The oxygen content in biodiesel results in a
gradual CO2 increase with increasing fuel quantity in comparison to
diesel [60]. The average CO2 reductions for WCFB10, WCFB20,
WCFB30, andWCFB40 compared to diesel were 2.36 %, 4.84 %, 7.51 %,
and 11.88 %, respectively.

Table 9
Optimization setting of the Response surface methodology (RSM) model.

Variable Objective Low Value High Value Importance Low Weight High Weight

A: WCFB is in range 0 40 3 1 1
B: RPM is in range 1000 2200 3 1 1
Torque maximize 4.82 8.24 3 1 1
BP maximize 6.99.159 1725.78 3 1 1
BSFC minimize 0.261 0.551 3 1 1
BTE maximize 15.24 29.03 3 1 1
CO minimize 536 725 3 1 1
CO2 minimize 2.39 3.77 3 1 1
EGT minimize 401.45 592.23 3 1 1
NOx is in range 478 829 3 1 1

Table 10
Comparison of the performance of biodiesel synthesis.

Author Catalyst Temperature (◦C) Reaction Time (min) Conversion (%)

Montefrio et al. [41] Fe2(SO4)3 30 1440 45
Tashtoush et al. [42] H2SO4 50 120 78
Elkelawy et al. [43] TiO2 60 60 95
Seffati et al. [44] CaO/CuFe2O 65 360 92.35
Bhatti et al. [45] H2SO4 50 1440 99.01
Encinar et al. [46] H2SO4 35–65 2880 89
Rad et al. [47] MWCNT-SO3H 90 600 96.5
Maafa [48] TPC-SO3H 70 120 98.8
Amal et al. [49] CaO 65 300 85
Asif et al. [50] Sr/ZrO2 70 20 75
Odetoye et al. [51] Egg shell 65 120 90.2
Zhang et al. [52] Fe3O4@SiO2-SO3H (S) 65 240 97.5
Melero et al. [53] Zr-SBA− 15 209 360 90
Present work PTSA 70 30 89.9

Table 11
Characteristics comparison of waste chicken fat-based biodiesel.

Properties EN-14214 ASTM D6751 CFO Biodiesel

FAME (%) - - 89.9
FFA (%) - - 0.4
Carbon Residue (%) 0.3 0.05 0.0646
Calorific Value (MJ.kg− 1) - 35 39.98
CN 51 47 52.6
Density (kg.m− 3) 860–900 at 20 ◦C 870–890 895.3
Viscosity (mm2.sec− 1) 3.50–5.00 at 40 ◦C 1.90–6.00 4.0654
Saponification Value (mgKOH/g) Not specified Not specified 256
Iodine Value 120 Not specified 101.6
Aniline Point (◦C) Not specified Not specified 68
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In Fig. 7(a), the EGT rises with engine speed, primarily because of the
rate of combustion and lower heating values of biodiesel blends, causing
delayed ignition and increased cylinder pressure and combustion tem-
perature [61]. The highest exhaust gas temperature achieved by diesel
was 509.45 K at 2200 rpm. For biodiesel blends WCFB10, WCFB20,
WCFB30, and WCFB40, the highest temperatures were 552.45 K,
579.78 K, 585 K, and 592.23 K respectively at 2200 rpm. The average
temperature increase compared to diesel was 8.98 %, 10.84 %, 12.02 %,
and 13.12 % respectively.

Fig. 7(b) illustrates that NOx emissions increase with higher amounts
of biodiesel mixed with DF. The elevated exhaust gas temperature
resulting from the biodiesel blends’ higher oxygen content is responsible
for the rise in NOx emission. At 2200 rpm, NOx emissions using pure
diesel were 801.9 ppm, while they were 804 ppm, 810 ppm, 818 ppm,
and 829 ppm for WCFB10, WCFB20, WCFB30, and WCFB40, respec-
tively. Compared to diesel, the average NOx emission increases were
2.750 %, 4.90 %, 7.650 %, and 10.690 % for WCFB10, WCFB20,

WCFB30, and WCFB40, respectively. The elevated combustion temper-
ature and extended ignition delay resulting from the reduced heating
value and elevated oxygen content present in biodiesel led to increased
NOx emissions during the premixed combustion phase.

3.5. Engine optimization results

The ramp chart in Fig. 8 presents the optimization results. The
optimization aimed to maximize BP and BTE while minimizing BSFC,
CO, CO2, and NOx. The 14.2 % volume percentage of WCFB and
1845.3 rpm were found to be the engine’s optimized operating param-
eters. With a torque of 8.4 Nm, BP of 1632.1 W, BSFC of 0.27 kg/kW.h,
BTE of 28.9 %, and low emissions of CO (570.7 ppm), CO2 (3.50 %V),
EGT of 544.3 K, and NOx (710.7 ppm), the engine displayed advanta-
geous performance and emission characteristics at these settings. A
comparison of optimized results with DF is presented in Table 12. The
negative symbol implies a percentage decline. The optimized model is

Fig. 4. Surface plot for (a) torque, and (b) brake power.

Fig. 5. Surface plot for the analysis of (a) brake-specific fuel consumption, and (b) brake thermal efficiency.
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validated by the derived composite desirability (D) value of 0.790,
which shows that the engine responses have been effectively optimized.
The outcomes are in line with the study’s goals. The results of the
confirmation test that was conducted to experimentally verify the
optimized results are presented in Table 13. Acceptable percentage error
confirms the effectiveness of the RSM model.

4. Conclusion and outlook

Microbubbles speed up the infusion of methanol during single-step
esterification with PTSA as a catalyst, substantially slashing the time
of reaction from hours to minutes. This increases WCFB production
feasibility significantly and improves conversion rates and production
economics. The characteristics comparison of WCFB indicates that it can
be employed as an alternative to DF. The current research is confined to
the optimization of engine parameters using RSM. However, future
research should focus on intricate transesterification in biodiesel

production, considering factors like temperature, time, and catalysts.
Precise modeling through machine learning techniques like ANN is
crucial for efficiency, quality, and cost reduction.

RSM model with a composite desirability value of 0.790 determined
the engine’s optimized parameters to be a WCFB volume fraction of
14.2 % and an engine speed of 1845.3 rpm. When compared to DF
powered engine, the results were in line with the study goals. Torque,
BP, and BTE increased by 5.6 %, 8.9 %, and 7.7 %, respectively. A
15.9 % reduction is observed in BSFC. Additionally, CO emissions
decreased by 4.6 %. Higher levels of oxygen and hydrogen in the
mixture boosted combustion, which increased heat production and
raised the temperatures of the exhaust gases. Therefore 10.9 % and 4 %
increases in EGT and NOx emissions respectively were observed. The
error percentage of the confirmation test was within the limit of 5 %
which affirmed the robustness of the RSM model for optimization.

The study provides a solid framework for future-centered efforts
aligned with SGDs 7, 12, 13, and 17. Industrial-scale WCFB production

Fig. 6. Surface plot for the analysis of (a) carbon monoxide, and (b) carbon dioxide.

Fig. 7. Surface plot for the analysis of (a) emission gas temperature, and (b) nitrogen oxides.
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minimizes waste, and generates renewable energy, and waste-to-energy
integration addresses holistic waste management and energy needs.
Future research should expand on the sustainability implications of the
current findings by employing advanced sustainability assessment tools,
including Life Cycle Assessment (LCA), exergy analysis, and energy
analysis, among others. The methodologies enable a holistic evaluation
of environmental, economic, and energy-based impacts across the entire
production lifecycle. Applying these methods to biodiesel systems, for

example, can offer insights into resource use efficiency, emissions, waste
generation, and overall environmental impact. Integrating these
advanced sustainability assessments is crucial for identifying potential
areas for improvement in biofuel production and optimizing bioenergy
systems. This direction not only allows researchers to gauge the broader
impact of biodiesel production on ecological and economic systems but
also informs regulatory and policy decisions, supporting the develop-
ment of more sustainable biofuel solutions. Such assessments will guide

Fig. 8. Ramp chart of the Response surface methodology (RSM) model showing optimized results.

Table 12
Examining outputs at optimal operating conditions relative to pure diesel fuel.

Fuel Ratio Speed
(rpm)

Torque
(Nm)

BP
(W)

BSFC
(kg/kW.h)

BTE
(%)

CO
(ppm)

CO2

(% V)
EGT
(K)

NOx
(ppm)

14.2 1845.3 8.4 1632.1 0.27 28.9 570.7 3.50 544.3 710.7
0.0 1845 8.0 1498.5 0.32 26.9 598.0 3.53 491.0 689.0
Difference (%) 5.6 8.9 − 15.9 7.7 − 4.6 − 0.8 10.9 3.1

Table 13
Outcomes drawn from the verification of the test.

Torque BP BTE BSFC CO CO2 HC NOx

Optimized Value 8.4 1632.1 0.27 28.9 570.7 3.50 544.3 710.7
Test Value 8.7 1664.4 0.26 29.8 594.1 3.64 520.4 682.3
Error (%) 3.2 3.1 3.6 3.0 4.1 3.9 4.4 4.0
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future studies toward processes that enhance sustainability, reducing
carbon footprints, and minimizing ecological disruption. Additionally,
integrating Waste chicken fat biodiesel (WCFB) into wider bioenergy
and bioproduct systems should be explored to understand synergies and
trade-offs among renewable technologies, offering a holistic view of
sustainability and economic potential.

Nomenclature

BTE: Brake thermal efficiency
BP: Brake power
BSFC: Brake-specific fuel consumption
CFO: Chicken fat oil
CN: Cetane Number
DF: Diesel fuel
EGT: Exhaust gas temperature
FAMEs: Fatty acid methyl esters
FFAs: Free fatty acids
HC: Hydrocarbons
ICEs: Internal combustion engines
PTSA: P-toluene sulfonic acid
SDGs: Sustainable development goals
VTD: Vibrating tube densitometer
WCF: Waste chicken fat
WCFB: Waste chicken fat biodiesel
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