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ABSTRACT

The present work is associated with synergistic optimization and the effect of three operation-
al variables, namely Load on the engine, rice bran biodiesel Blend, and TiO2 Nanoparticle for 
emission attenuation of HC, CO2, NOx, O2, and CO, along with BTE amelioration of diesel 
engine sustainability. Under the category of Empirical Research work, Central Composite De-
sign-based Response Surface Modeling and analysis of variance were done to find out the best 
suitable mathematical relationship with the most and least significant operational variable for 
all responses at a 95% level of confidence and 5% significance factor. Experimental data were 
obtained using a diesel engine test rig with biodiesel blends up to 30% and TiO₂ nanoparticles 
up to 200 ppm, under low, medium, and high load conditions. The responses were optimized 
using MINITAB with contour and surface plots.
The optimum combination of three operation parameters reported as 2.64094 kW engine 
Load, 30 ppm rice bran Biodiesel, and 141.742 ppm TiO2 nanoparticles. Additionally, the op-
timal combination included CO 0.050% of the total sample, CO2 3.30% of the total sample, 
HC 13.29 ppm, NOX 385.78 ppm, and BTE 32.50%, resulting in a desirability effect of 73.74%; 
Improves BTE by 31.4% compared to pure diesel at low load and 22.9% at high load. A con-
firmation test run validates the result with a forecast error of less than 4%, with remarkable 
emissions reduction and performance gain of regular diesel engines without major changes, 
making it an eco-friendly option for the future.

Cite this article as: Gupta MK, Srivastava AK. Harnessing response surface methodology for 
diesel engine optimization using titanium dioxide-enhanced rice bran biodiesel to improve 
emissions and efficiency. J Ther Eng 2025;11(5):1276−1292.
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INTRODUCTION 

Diesel combustion in CI engines emits gases such 
as CO, CO2, HC, NOx, and SOx, all of which contribute 

significantly to atmospheric pollution. These emissions are 
linked to environmental issues, including global warming, 
ozone depletion, acid rain, and reduced visibility. Human 
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exposure to these pollutants is associated with non-cancer-
ous and cancerous health risks, such as respiratory issues, 
immune system damage, reproductive and neurological 
disorders, and cardiovascular diseases [1, 2, 3, 4].

As of 2021, the transportation sector accounts for 19% 
of global annual energy consumption. Projections by the 
International Energy Agency and Mobility 30 predict a 
53% rise in global energy demand by 2030. According to 
the International Energy Outlook 2017, the energy share of 
on-road transportation stood at 13%, with on-road freight 
and passenger transport consuming 25.3 quadrillion British 
thermal units [5, 6, 7].

From now until 2030, oil use in road transport will 
increase by roughly 6 million barrels per day, with a partic-
ularly sharp increase in 2021, and it will climb by close to 
8 million barrels per day in aviation, shipping, along petro-
chemicals [5]. Transport is a major source of pollution and 
climate change in the environment. Transport emissions, 
particularly from automobiles, contribute significantly to 
the levels of carbon dioxide in the atmosphere. With a range 
of 22 percent, transportation is the second-largest source of 
worldwide CO2 emissions [8]. 

As a result of climate change, global warming is 0.8 0C 
above the level of pre-industrial, leading to a rise of sea level 
around 3.2 cm per decade. A rise of sea level of 0.5 to 1 
meter is estimated before the 2060s by an increase of 4 0C 
global temperature. Although the greenhouse effect plays 
an impactful factor in global warming, naturally, though 
emission of transportation means has a major contribution. 
By 2100, the IPCC predicts a rise in global temperature of 
1.1 to 6.4 degrees Celsius and a rise in global sea level of 7 
to 23 inches, according to the Fourth Assessment Report. 

Global greenhouse emissions must be cut by 50–85 per-
cent below 2000 levels by 2050, as per the IPCC, to keep 
warming to 2–2.4 degrees Celsius. To meet this goal, green-
house emissions from all sectors must be decreased in a 
multi-generational effort [9, 10]. 

Therefore, several researchers are putting their effort 
into overcoming this problem by using alternative fuel to 
existing diesel engines without measuring the modification 
of the engine design. Biodiesel is one of the best choices 
of researchers as an alternative fuel due to its renewability, 
biodegradability, sulfur-free, non-toxic, and can greatly 
lower exhaust emissions [11,12].

In 2016, Vijayakumar Chandrasekaran et al. found that 
adding 50 ppm CuO nanoparticles to a 20% mahua bio-
diesel blend improved BTE by 2.19% and reduced HC, 
CO, and smoke emissions. However, NOx increased by 
3.2%. The blend was considered a viable alternative for CI 
engines [13]. Mr. S. Padmanaba Sunder and his team found 
that using 200 ppm TiO₂ with plastic oil improved BTE by 
2.64% and reduced HC by 18%. Additionally, 150 ppm TiO₂ 
decreased smoke opacity by up to 38% [14].

Samson K. Fasogbon in 2023 concluded that B20 bio-
diesel with 10 g/L Al₂O₃ nano-additive offers optimal 
CI engine performance and emissions [15]. Dhananjay 
Khankal in 2024 found that B10 mango kernel biodiesel 
improves BTE and BSFC over diesel. However, it shows 
higher CO₂ and NOx emissions at low injection pressure. 
At 25% load and high injection pressure, CO₂ and NOx 
emissions decrease by 12.5% and 13.23%, respectively, 
compared to diesel [16].

K. Yamini in 2024 found that isobutanol-based bio-
diesel) With 10% diethyl ether significantly reduced at full 

Figure 1. Graphical presentation of work.
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load compared to diesel: HC by 24.39%, CO by 4.6%, NOx 
by 9.33%, and smoke opacity by 8.84% [17].

Researchers reported  that biodiesel is  comparable 
to conventional diesel with  minimal impact on perfor-
mance and  emissions reductions. Additionally, it may be 
blended with conventional diesel or utilized as biodiesel oil 
in diesel engines. The use of biodiesel as an environmen-
tally friendly fuel is growing in popularity [18, 19]. 

The literature review helps to find the answer: why my 
research work is important. It explains the problems with 
diesel engine pollution and the need for cleaner fuels. It also 
shows that biodiesel and nanoparticles can help, but most 
past studies looked at them separately. My review finds a gap 
very few studies have tested the combined effect of engine 
load, biodiesel, and nanoparticles or tried to find the best 
combination for optimization of the nanoparticle dose rate, 
which has yet to be done. The novelty of this work lies in the 
synergistic effect of three main operational variable engine 
load, rice bran biodiesel blend, and TiO2 nanoparticles, to 
improve diesel engine performance. Unlike many studies 
that examine these variables independently, this study com-
bines them using central composite design-based response 
surface methodology and ANOVA to develop meaningful 
models for emissions and engine performance. The use of 
rice bran biodiesel together with TiO2 nanoparticles is an 
innovative approach to reduce engine emissions with a gain 
in performance without requiring any major modifications 
in the diesel engine making it a promising and environ-
mentally friendly alternative for future diesel fuels.

Biodiesel Blends
Transesterification converts triglycerides to esters, 

which is how biodiesel is made from vegetable oils or animal 
fats. It possesses qualities that are similar to those of fossil 
diesel. Bio-diesel and environmentally beneficial diesel fuel 
alternatives for diesel engines [2, 20] . When compared to 
diesel fuel, biodiesel has a higher viscosity and density, as 
well as a higher cetane number, pour point, and flash point. 
Biodiesel is a full-oxygen fuel with a 10–15 percent oxygen 
content by weight and no sulfur [11, 21]. When compared 
to petro-diesel, using biodiesel in engines reduces CO, HC, 
and particulate matter emissions dramatically [22]. When 
burned as a fuel, biodiesel is appealing because it is bio-
degradable, sulfur-free, non-toxic, and can greatly lower 
exhaust emissions and overall life cycle CO2 emissions from 
the engine, depending upon biodiesel blend as per ASTM 
standard [23, 24].

The emissions reduction advantage is roughly pro-
portional to the blend level; for example, B20 has a 20% 
pollution reduction advantage over B100 [25, 26]. The 
load on the engine also has an impact on emission reduc-
tion. Researchers found that at full load, the mean BTE of 
Biodiesel blends was around 7 to 10 percent lower than that 
of pure diesel, but at lower loads, this variance was as high 
as 17 percent, which might be ascribed to Biodiesel blends 

much poorer efficiency, particularly at lower loads [11, 27, 
28]. 

Nano Additives in Biodiesel Blend
Nano additives are nanoparticles that can improve the 

quality of biodiesel so that it can compete with diesel. The 
surface area of nanoparticles, where the heterogeneous 
reaction takes place, is much larger than that of bulk parti-
cles [29]. It increases the number of reaction sites available 
for the reaction to take place. The atoms on the surface are 
more unstable and reactive. This instability stems from their 
lattice location, which forces them to unbind their neigh-
boring atoms or molecules [30, 31]. The instability and 
reactivity rise as the surface/bulk particles ratio increases. 
As a result, nanoparticles have a large surface-to-volume 
ratio [32, 33].

The use of nano-additives in biodiesel has substantial 
benefits, including increased lubricity, energy content, 
stability, and oxidation resistance [34]. These nanopar-
ticles help to increase power output and reduce fuel con-
sumption. Moreover, nano-additives improve heat transfer, 
catalytic activity, and fuel atomization, resulting in fewer 
NOx, CO, and hydrocarbon emissions. [35] These com-
bined effects lead to improved fuel characteristics, better 
engine performance, lower emissions, and more efficient 
combustion procedures [36]. The small size of nano 
additives allows them to easily mix with biodiesel [13]. 
Furthermore, the addition of nanoadditives to some previ-
ously reported studies improved stability and other tribo-
logical features dramatically. This unique feature of Nano 
additives also aids in the elimination of wear/tear and chok-
ing concerns in CI engine parts [34, 36, 37]. 

Besides that, Qaisar Manzoor et al. (2024) reported that 
inhaled TiO₂ nanoparticles can accumulate in vital organs 
and are linked to oxidative stress, inflammation, and geno-
toxic effects, posing long-term health threats [38]. Jain et 
al. (2024) found that using TiO₂ nano-additives in diesel 
combustion increases fine and ultrafine particle emissions, 
which can penetrate deep into the lungs and pose serious 
respiratory health risks [39].

DESIGN OF EXPERIMENT

Depending upon operational conditions, examine 
how changes in variables (operational conditions) affect a 
desired response, along with choosing the right operational 
conditions to meet the requirements. [1, 40]

In this study, we are considering three continuous vari-
ables, denoted as L, B, and N. To obtain a design matrix by 
central composite design, the total number of experiments 
run is obtained by using a two-level full factorial equation

	 	 (1)

E = 23 + (2*3) + 0
E = 14

Where E = the total number of experiments
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n = Number of Operational Variables
n0 = Center points in axial

Design Summary
Factors:	 3	 Replicates:	 1
Base runs:	 14	 Total runs:	 14
Base blocks:	 1	 Total blocks:	 1
Two-level factorial: Full factorial

Point Types
Cube points:	 8	  Center points in cube:	 0
Axial points:	 6	  Center points in axial:	 0

Design Table (Randomized)

Table 1 presents a total of 14 experimental runs. Each run 
corresponds to a specific combination of three operational vari-
ables. The engine load varies from a minimum of 1.00 kW to 
a maximum of 3.50 kW, while the biodiesel blend ranges from 
0% to 30%. The concentration of nanoparticles is adjusted 
between 0 ppm and 200 ppm. For each experimental run order, 
all six responses were recorded. To minimize errors in experi-
mental data principle of replication is taken into account. 

EXPERIMENTAL SETUP AND WORK

There are three parts to the work.
•	 Setting up the test rig 
•	 Preparation of fuel as per the requirement of the 

experiment
•	 Collecting data by performing all experiments 

A single-cylinder, four-stroke diesel engine coupled with 
an eddy current-type dynamometer is taken into account 
to perform all experiments [41]. For online performance 
assessment, the LabVIEW-based Engine Performance 
Analysis software package is also present in the setup.

The maximum load-carrying capacity of the engine is 5 
kW at a maximum rpm of 1500. It’s an Indian make engine, 
made by Bharat DX, a very renowned name in the field of 
diesel engines. The engine has a stroke of 110 mm, a bore 
diameter of 87.5 mm, a cylinder volume of 661 cc, and a 
compression ratio (CR) of 17.5. It is fitted on a base frame 
having only one balance wheel and all other provisions for 
cooling water and temperature measurements.

Bharat DX makes an eddy current-based dynamometer 
of 5 KVA capacity with 1500 rpm at 50Hz. The dynamom-
eter is directly connected to the engine shaft. It is also fixed 
in the same frame. It is air-cooled, so easy to operate and 
maintain. The output of the dynamometer is directly con-
nected to the Rheostat. 

A rheostat of capacity 3.5 kW is used to create a load on 
the engine. There are a total of seven loads, each of 0.5 kW, 
arranged. Each load has an individual ON-OFF switch, and 
a main Power Switch is used to put the load on the engine. 
By operating individual ON-OFF switches load can be 
applied in additional order. 

To measure exhaust gas AIRVISOR model number AVG-
500 was used. It is interconnected to the computer system. 
The probe of the gas analyzer is inserted into the exhaust 
line of the engine. The airvisor itself has a small display 

Table 1. Experiment Run-Order Matrix with Formulations 

Std 
Order

Run 
Order

Pt 
Type

Blocks L
Load (KW)

B
Bio-Diesel Blend (%)

N
Nano Particles (ppm)

Formulates

01 02 03 04 05 06 07 08
5 1 1 1 1.0 0 200 B0N200
8 2 1 1 3.5 30 200 B30N200
13 3 -1 1 2.0 15 0 B15N0
9 4 -1 1 1.0 15 100 B15N100
7 5 1 1 1.0 30 200 B30N200
12 6 -1 1 2.0 30 100 B30N100
3 7 1 1 1.0 30 0 B30N0
2 8 1 1 3.5 0 0 B0N0
6 9 1 1 3.5 0 200 B0N200
14 10 -1 1 2.0 15 200 B15N200
1 11 1 1 1.0 0 0 B0N0
11 12 -1 1 2.0 0 100 B0N100
10 13 -1 1 3.5 15 100 B15N100
4 14 1 1 3.5 30 0 B30N0
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unit to display all parameters associated with exhaust gas 
measurement.

The blending of biodiesel and nanoparticles with pure 
diesel fuel has some issues, like biodiesel has high viscosity 
and density, leading to poor fuel atomization and combus-
tion [11, 22]. It also has poor cold flow properties, causing 
starting problems in low temperatures [22], and oxidation 
instability, which affects long-term storage [34]. Other issues 
include phase separation, injector clogging, and material 
compatibility with rubber parts [27, 28]. To reduce these 
problems, transesterification is used. This chemical pro-
cess converts raw oils into biodiesel with lower viscosity 
and better fuel properties, improving blending and engine 
compatibility.

For nanoparticles, the main issues are agglomeration, 
poor dispersion, and settling down during storage, which 
reduces effectiveness and may block injectors [36]. To 
address this, ultrasonication is used. High-frequency sound 
waves break up clumps and evenly disperse nanoparticles 
in the fuel. This method ensures better suspension, stable 
blending, and improved combustion. Together, transes-
terification and ultrasonication provide effective solutions 
for improving the stability, performance, and safety of bio-
diesel–nanoparticle blends in diesel engines.

Uncertainties Associated and Minimization
To minimize errors and variability in experimental 

measurements, the following steps were taken:
1.	 Fuel blending inconsistencies: Standardize blending 

procedures, implement quality control, and verify fuel 
composition through comparative before-use analysis.

2.	 Ambient condition variations: Conduct experiments in 
controlled environments, monitor conditions, and cali-
brate instruments for environmental factors.

3.	 Instrument calibration limitations: using regularly cali-
brated instruments, high-precision equipment, and val-
idating results against reference methods.
To reduce uncertainties (errors) in experimental data 

measurement; the principle of replication is used to find 
the best experimental result. At its core, replication means 
repeating an experiment or measurement under the same 
parameters till the same response of the last two consecutive 
runs to assess variability, reduce random error, and increase 
confidence in the conclusions drawn. In the analysis phase, 
replication provides degrees of freedom for the estimation 
of the error term. That’s why in ANOVA, the error term is 
calculated from the deviations within each replicated group 
with a 95% level of confidence and 5% significance factor. 
More replications mean a more accurate and stable estimate 
of the error variance. 

In this work, the Central Composite Design under RSM 
also helps to reduce uncertainty by minimizing the number 
of experiments while still giving a statistically strong model.

Blended Fuel with Nanoparticle Formulation
Firstly, as per the ASTM D6751 standard, the rice 

bran biodiesel, supplied by a reputable Indian supplier, 
was blended with pure diesel sourced from a well-known 
Indian company’s filling station, according to the design 
matrix [23]. TiO₂ in powder form, procured from Adnano, 
Karnataka, India, was then added to the rice bran biodies-
el-diesel mixture, following the design matrix, to produce 
a stable nanofluid solution [42, 43]. To prevent nanoparti-
cle agglomeration, the TiO₂-blended biodiesel underwent 
ultrasonication using a bath-type ultrasonicator operating 
at a frequency of 40 kHz and a power of 80W for three 
hours at a temperature of 30-40°C, resulting in a clear, sta-
ble solution [15]. Following this, transesterification was 
carried out, and a high-shear magnetic mixer was used to 

Figure 2. Schematic line diagram of test rig.
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ensure thorough mixing for two hours at 40°C. This process 
applied mechanical force to evenly disperse the nanoparti-
cles in the biodiesel, producing a homogeneous, stable solu-
tion free from sedimentation [44]. The formulation of fuel 
is given in Table 01 in column no. 08.

Observation Table for Experiment Run Order
Table 2 shows the different parameter values obtained 

during the operation of the diesel engine test rig. Column 
no. 01 shows the experiment run order no as per DOE. 
Column no. 02 shows the fuel used for the experiment. 

Column 03 shows the loan on the engine in Kw. Column 
no. 04 shows the time in minutes and seconds to consume 
20ml of fuel. Columns no-05 to 09 show the value of differ-
ent response variables. 

Calculation of Performance Parameters 

Total fuel consumption (TFC)
Total fuel consumption denotes the fuel consumed per 

unit of time. The unit of TFC is Kg/Sec.

Table 2. Diesel Engine Test Rig Observation Data

Run Order FUEL Load 20ml Fuel consumption 
time (Sec)

HC CO2 NOx O2 CO

01 02 03 04 05 06 07 08 09
1 B0N200 1.0 225.3 29 2.60 305 18.53 0.08
2 B30N200 3.5 74.3 14 4.40 552 15.87 0.06
3 B15N0 2.0 86.9 25 3.40 300 14.90 0.05
4 B15N100 1.0 180.9 30 2.50 280 18.23 0.07
5 B30N200 1.0 200.4 26 2.40 330 18.34 0.07
6 B30N100 2.0 107 16 3.20 303 16.40 0.06
7 B30N0 1.0 113.2 30 2.50 233 17.75 0.07
8 B0N0 3.5 54.4 9 4.50 556 14.35 0.04
9 B0N200 3.5 68.8 9 4.20 578 17.80 0.06
10 B15N200 2.0 124.7 25 3.20 350 16.80 0.06
11 B0N0 1.0 178.0 27 2.70 257 16.45 0.06
12 B0N100 2.0 124.2 12 3.30 332 16.20 0.06
13 B15N100 3.5 64.5 14 4.65 520 15.65 0.05
14 B30N0 3.5 47.3 19 4.70 501 13.69 0.06

Figure 3. Actual test rig.
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	 	 (2)

Where 
Fuel consumed in ml
Time in Seconds

Brake-specific fuel consumption (BSFC)
Brake-specific fuel consumption is the total fuel con-

sumption per unit brake bower. Here, the unit of BSFC is 
Kg/kW Hr.

	 	 (3)

Where 
	 TFC is total fuel consumption in Kg/Sec
	 BP is load in kW

1.1.1	Brake thermal efficiency (BTE)
It is calculated by the following equation 

	 	 (4)

Where 	
BP is load in kW
TFC is total fuel consumption in Kg/Sec
CV is the Calorific value of fuel in KJ/Kg

RESULTS AND ANALYSIS

As per the design of the experiment, all 14 sets of oper-
ation variable tests were performed, and the 06 response 
variables were recorded along with the engine performance 
parameters. All values are given below in Table 3.

Table 6 shows that the regression models for all response 
variables (HC, CO₂, NOX, O₂, CO, and BTE) are highly 
accurate, with R² values above 99% in most cases. The low 
standard error (S) indicates a good fit, and the high adjusted 
and predicted R² values confirm strong model performance 
and reliability in predictions. Overall, all models are robust 
and well-suited for analysis and prediction.

The confidence level of analysis is taken at 95%, so the 
significance factor (α) is 5%. If the significance factor of any 
response variable for any operational variable is more than 
5% (P > 0.05), then it means the null hypothesis is satisfied 
and indicates no dependence on the operational variable. If 
it is less than 5% (P ≤ 0.05), then it means the null hypothe-
sis is rejected and the alternate hypothesis is accepted, sug-
gesting a significant impact of the operational variable [40].

Tables 4 and 5 show that all three operational variables 
(L, B, and N) significantly affect all six responses (P ≤ 0.05). 
For HC and CO₂, the load (L) is the most significant fac-
tor due to its lowest p-value and highest F-test value, while 
biodiesel (B) is the least significant. For NOx, L is again 
the most significant, while nanoparticle (N) is the least. In 
the case of O₂, L is most significant, followed by N, while B 
remains the least significant. Ta
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For CO, L is the most significant operational variable, 
with B being the second most significant, and N the least. In 
BTE analysis, N is the most significant, followed by L, with 
B being the least. These trends are further supported by the 
sum of squares (SS) data for each operational variable.

The ANOVA model assessment is presented in Table 
6, showing that values of R-sq, R-sq (adj), and R-sq (pred) 
are more than 90% for each response. All values of R2 are 
very high, so it means the model is highly matched with 
the experimental data. The equations presented in Table 
7 employ the least-squares method to derive second-or-
der polynomial equations corresponding to each distinct 
engine response.

Response Optimization: BTE, CO, NOX, CO2, HC

Response Optimizer Function of Minitab software with 
95 % of the lower bound confidence level of all intervals is 
used to optimize the responses with the following inputs-

Parameters
The goal of minimization was set for four emissive 

responses: HC, CO2, NOx, and CO; out of five emissive 
responses, except O2. Since O2 is not a harmful emissive, so 
does not need to be optimized. BTE is set for maximum. All 
responses have the same weightage and responses as given 
in Table 8.

Variable Ranges
The range of operation variables is set as per the given 

Table 9.

Table 8. Table of parameters of responses to rsm 

Response Goal Lower Target Upper Weight Impor tance
BTE(%) Maximum 15.8 33.90   1 1
CO Minimum   0.05 0.08 1 1
NOx Minimum   202.00 556.00 1 1
CO2 Minimum   2.30 4.90 1 1
HC Minimum   9.00 32.00 1 1

Table 7. Regression relation of variables

HC =	 44.293  -  13.537L  +  0.6122B - 0.11437N + 1.388L * L - 0.026389B * B + 0.000506N * N + 0.10053L * B - 0.003016L * N 
- 0.000083B*N

CO2 =	 5.281 - 1.630L - 0.02876B - 0.002544N + 0.4332L * L - 0.001361B * B - 0.000026N * N + 0.01534L * B + 0.000270L * N  
+ 0.000225B*N

NOx =	 459.14 - 154.86L - 6.980B + 0.1393N + 52.21L * L + 0.03778B * B - 0.001700N * N + 0.7407L * B - 0.06492L*N 
+ 0.029833B * N   

O2 =	 19.510 - 3.673L + 0.0625B + 0.01505N + 0.6217L * L + 0.000239B * B - 0.000040N * N - 0.02507L * B + 0.002964L * N 
- 0.000230B * N

CO =	 0.11481 - 0.04244L - 0.001148B - 0.000035N + 0.007725L * L + 0.000021B * B + 0.00000N * N + 0.000037L * B - 0.000005L * N 
+ 0.000002B * N 

BTE =	 15.64 + 11.16L - 0.4604B + 0.06307N - 2.307L * L + 0.00283B * B - 0.000176N * N + 0.0759L * B + 0.00079L * N 
+ 0.000717B*N

Table 6. ANOVA model assessment

Model S R-sq R-sq(adj) R-sq(pred)
HC 0.251582 99.97% 99.89% 99.43%
CO2 0.0668302 99.82% 99.43% 98.07%
NOX 3.06976 99.98% 99.92% 99.77%
O2 0.148491 99.71% 99.05% 96.79%
CO 0.0015414 99.44% 98.17% 91.56%
BTE 0.580766 99.59% 98.68% 95.95%
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Solution 
The optimization results show a fair balance between 

emissions (CO, NOx, CO2, HC) and efficiency (BTE), 
with a desirability score of 0.737499. The Brake Thermal 
Efficiency is optimized to 32.51%, while emissions are 

minimized, indicating a reasonably effective balance 
between efficiency and emissions.

Figure 10 shows the nature and variations of each 
response concerning each operation variable for the opti-
mized result, the solution obtained in Table No. 10.

Surface Plots of Optimized Responses
The set of figures (Figures 4 to 9) illustrates various sur-

face plots of different emissions and parameters, each plot-
ted against combinations of variables B & L, N & L, and N 
& B. 

Starting with the HC plots, the first graph shows that 
B and L parameters are influencing in a coordinated way, 
leading to an interplay that can result in varying HC con-
centrations depending on their respective values. This 

Figure 5. Surface Plot of CO2 with respect to (a) B&L, (b) N&L, (c) N&B.

Figure 4. Surface Plot of HC with respect to (a) B&L, (b) N&L, (c) N&B.

Table 9. Table of variable range for RSM

Variable Values
L (1, 3.5)
B (0, 30)
N (0, 200)
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Figure 8. Surface Plot of CO with respect to (a) B&L, (b) N&L, (c) N&B.

Figure 7. Surface Plot of O2 with respect to (a) B&L, (b) N&L, (c) N&B.

Figure 6. Surface Plot of NOX with respect to (a) B&L, (b) N&L, (c) N&B.
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suggests that biodiesel, possibly due to its cleaner com-
bustion properties, leads to lower HC emissions, espe-
cially at higher loads. In the second plot of HC versus N 
and L, the non-linear behavior suggests a more complex 
relationship between these two, where increasing one 
or both has a significant and potentially non-additive 
impact on HC levels, with nanoparticles contributing to 
a further reduction in HC emissions as load increases. 
The third HC plot, which examines N and B, indicating 
strong nonlinear interactions, implies that when varied 
together, they have a pronounced effect on HC emis-
sions, mostly magnifying or reducing emissions. This 
might be due to the way nanoparticles enhance combus-
tion or act as catalysts.

The first plot of CO₂ shows a surface that gradually 
rises. This indicates that both variables, B and L, contrib-
ute to increasing CO₂ emissions, as would be expected in a 
combustion process where higher loads require more fuel. 
Biodiesel shows a modest effect on CO₂ levels, which might 
be due to the chemical composition of biodiesel itself. In the 
second CO₂ plot, the surface still exhibits a slight curvature, 

indicating that variables do interact, although the effect 
seems more gradual [30]. The third CO₂ plot shows more 
curvature than the first two, suggesting that N and B 
together have a more dynamic effect on CO₂ emissions.

The first NOX plot shows a gentle slope, suggesting 
that as B and L increase, NOX levels rise, but the surface 

Figure 10. Optimization of responses.

Table 10. Optimize solution by RSM

Variables Solution
L 2.64094
B 30.00
N 141.742
BTE (%) Fit 32.5088
CO Fit 0.0504219
NOx Fit 385.780
CO2 Fit 3.30655
HC Fit 13.2912
Composite Desirability 0.737499

Figure 9. Surface Plot of BTE with respect to (a) B&L, (b) N&L, (c) N&B.
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suggests that this increase is smoother compared to the 
HC and CO₂ cases. In the second NOX plot, a stronger 
upward curve is observed, indicating that as either N or L 
increases, NOX levels rise more sharply, particularly when 
both variables are at higher levels due to a non-linear rela-
tionship. The third NOX plot reveals the most complex 
surface of the three, with the possibility of both variables 
either amplifying or mitigating each other’s impact on the 
system.

The first plot of O2 shows that oxygen levels decrease 
as both load and bio-diesel concentration increase. This 
suggests that higher loads and more biodiesel content in 
the blend result in a richer combustion process, which 
consumes more oxygen. In the second plot, as the load 
increases and the nanoparticle concentration rises, oxygen 
levels tend to decrease. This trend implies that the intro-
duction of nanoparticles, along with an increased load, 
intensifies the combustion process, leading to more oxygen 
being consumed. The third plot of O2 examination shows 
that Oxygen concentration decreases as both nanoparti-
cle and bio-diesel content increase, again indicating more 
complete combustion with higher bio-diesel and nanopar-
ticle concentrations [45].

The first plot of CO, which focuses on the relationship 
between B and load L, shows a slight increase in CO emis-
sions as both variables increase. This suggests that under 
higher loads and with higher bio-diesel content, incom-
plete combustion becomes more likely, producing more 
CO. The second plot shows that as load increases, CO lev-
els tend to decrease slightly, while increasing nanoparticle 
content results in higher CO emissions. The nanoparticles 
might enhance combustion efficiency [29]. The third plot 
of CO shows that CO emissions decrease as nanoparticle 
concentration rises, but at the same time, CO increases 

slightly as bio-diesel concentration increases. This behav-
ior could be due to the complex interaction between 
bio-diesel properties and nanoparticle effects on the com-
bustion process.

At the last the very first surface plots of BTE, the brake 
thermal efficiency tends to increase with moderate loads 
and bio-diesel concentrations, but starts to decline when 
either load or bio-diesel concentration becomes too high. 
This suggests that the combustion process is most effi-
cient at moderate levels of load and bio-diesel, but higher 
loads and bio-diesel concentrations lead to inefficiencies, 
possibly due to incomplete combustion or higher exhaust 
losses. In the second plot, N and L affect BTE, with B 
held constant. Here, BTE generally increases as nanopar-
ticle concentration rises, indicating that nanoparticles 
help improve the combustion process by enhancing the 
heat release and improving the overall efficiency [46]. 
However, higher loads seem to reduce efficiency after a 
certain point. The third plot, which explores the effect of 
nanoparticle concentration and bio-diesel content with 
a load constant, reveals that brake thermal efficiency 
increases with nanoparticle concentration, especially at 
higher bio-diesel levels. This suggests that the addition of 
nanoparticles into the bio-diesel blend helps to counter-
act some of the efficiency losses typically associated with 
using bio-diesel by improving combustion stability and 
heat transfer.

Validation 
The optimization results obtained by RSM had a desir-

ability of 0.737 for engine load 2.64 KW, rice bran bio-diesel 
blend 30 Ppm, and TiO2 nanoparticle 141.74 Ppm. To fulfill 
the objective of the current work, the validation of these 
new findings is necessary, so a confirmation experiment is 
done by taking operational variables:

Table 11. Properties of conformation test fuel [47, 48, 49]

Fuel Time in Sec
(20ml consumption 
of fuel)

Specific 
gravity

Viscosity
(mm2/Sec)

Calorific value
(KJ/Kg)

Load
(Kw)

TFC
(Kg/Hr)

BSFC
(Kg/Kw Hr)

B30N150 98.5 0.852 4.58 44880 2.5 0.6227 0.24908

Table 12. Verification experiment test of responses

Responses Predicted value Experimental value Error (%)
BTE 32.56 32.2 1.11
CO 0.051 0.05 2.0
O2 15.71 15.25 3.01
NOx 385.78 375 2.87
CO2 3.30 3.2 3.12
HC 13.29 13 2.23
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Load (L) = 2.5 Kw
Rice bran bio-diesel (B) = 30 Ppm
TiO2 nanoparticle (N) = 150 Ppm
Here, the operational variable’s value is taken to the 

nearest complete factors of optimized results due to the 
ease of setting up of experiment on the engine. Here, the 
principle of replication is used to find the best experimental 
result. The properties of the fuel are:-

 In addition, projected values identified with the help of 
the model were utilized for validation, together with exper-
imental values. The percentage of errors displayed in Table 
12, demonstrates that the proposed models, which incor-
porate RSM for BTE, CO, NOx, CO2, HC, and O2, are rea-
sonably capable of predicting the impact of 2.5 Kw engine 
load, 30 Ppm rice bran biodiesel blend, and 150 Ppm 
TiO2 nanoparticle on diesel engine combustion. Since the 
expected error is less than 4%, it is acceptable and should 
be approved.

These findings demonstrate the potential of rice bran 
biodiesel blended with TiO₂ nanoparticles as a clean, effi-
cient fuel for CI engines. The optimized parameters reduce 
emissions and improve engine performance, making this 
approach suitable for practical applications. Future research 
can focus on scaling, exploring alternative nanoparticles, 
long-term engine impact, and integration with smart engine 
control systems to advance sustainable fuel technologies.

CONCLUSION

As per the objective, the present work is associated with 
synergistic optimization and the effect of three operational 
variables, namely Load on the engine, rice bran biodiesel 
Blend, and TiO2 Nanoparticle for emission attenuation of 
HC, CO2, NOx, O2, and CO along with BTE amelioration 
of diesel engine sustainability. Because of the criticalness of 
these responses to estimate the suitability of fuel under the 
influence of operational variables. The main observations 
are given below:-
1.	 The utilization of transesterification and ultrasonic 

techniques to produce a blend of rice bran biodiesel and 
TiO2 nanoparticles has resulted in a fuel that meets the 
specifications outlined in the ASTM biodiesel standard, 
making it a viable option for use in CI engines. 

2.	 By utilizing Central Composite Design-based Response 
Surface Modeling, a Design of Experiments approach 
can potentially identify the optimal parameter settings 
necessary to achieve the desired level of performance. 
This can be accomplished through the use of the com-
posite desirability method, which can provide a rea-
sonably accurate estimation of the required parameter 
values.

3.	 The optimum combination of three operation parame-
ters is determined and reported as 2.64094 kW engine 
Load, 30 ppm Rice bran Bio-Diesel blend, and 141.742 
ppm TiO2 nanoparticles.

4.	 Additionally, the desired outcomes at the previously 
mentioned optimal combination included 0.050% 
of total sample CO, 3.30% of total sample CO2, 13.29 
ppm of HC, 385.78 ppm of NOx, and a BTE of 32.50%, 
resulting in a desirability effect of 73.74%.

5.	 The experimental data were used to validate the results, 
and the validation showed an error of 1.11% for BTE, 
2.0% for CO, 3.01% for O2, 2.87% for NOx, 3.12% for 
CO2, and 2.23% for HC. These errors were within a 
range of below 4%.

6.	 Compared to earlier studies, the current work shows 
significant improvements. Vijayakumar et al. (2016) 
achieved only a 2.19% BTE increase and limited emis-
sion reductions using 20% mahua biodiesel with 50 ppm 
CuO. Padmanaba Sunder et al. (2021) reported a 2.64% 
BTE gain with 200 ppm TiO₂ in plastic oil. In contrast, 
our study using B30N150 at a 2.5 kW load outperforms 
pure diesel in both terms, of emissions and efficiency. It 
reduces HC by 59.4% at low load and 7.1% at high load. 
CO₂ emissions drop by 21.95% at low load and 34.7% 
at high load. CO is significantly reduced by 69.7% 
under low load and 16.7% under high load. Under low 
load, NOx increases by 5.0 percent. But under high 
load, it is reduced by 32.5 percent. The blend of 30% 
rice bran-biodiesel and 150 ppm TiO2 nanoparticles 
improves BTE by 31.4% compared to pure diesel at low 
load and 22.9% at high load. The B30N150 improves 
combustion, which leads to remarkable BTE ameliora-
tion and emission attenuation.
This study provides valuable insights into the optimi-

zation of combustion parameters for rice bran biodiesel 
blends with TiO2 nanoparticles. This means the fuel is 
cleaner and more efficient overall. Since it works well in 
regular diesel engines without major changes, it could help 
meet strict pollution rules around the world. Also, because 
it uses non-edible oil and helps burn fuel better, it’s a smart 
and eco-friendly option for the future. Stakeholders can uti-
lize this information to enhance engine performance and 
combustion behavior. However, the use of nanoparticles 
in fuels, particularly metal oxide nanoparticles, presents 
new challenges concerning particulate matter emissions. 
Additional research is needed to understand and address 
the impact of these nanoparticles on emissions and develop 
appropriate measures for emission control.

ABBREVIATIONS

ANOVA	 Analysis of variance
DOE	 Design of the experiment
BTE	 Brake thermal efficiency
BSFC	 Brake specific fuel consumption (Kg/Kw Hr)
TFC	 Total fuel consumption (Kg/Hr)
TiO2	 Titanium Dioxide
CO	 Carbon monoxide
CO2	 Carbon dioxide
HC	 Hydrocarbons
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NOX	 Nitrogen oxides
SOx	 Sulfur oxide
RSM	 Response Surface Modeling
L	 Load on Engine
B	 Rice Bran Bio-Diesel blend
N	 Nanoparticle, α- significance factor
CI	 Compression Ignition
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