Prabhu S et al. Discover Applied Sciences

(2026) 8:222 Discover Applied Sciences

https://doi.org/10.1007/542452-025-08190-9

RESEARCH Open Access

Investigation of graphene addition to a mixture

Check for

updates

of biodiesel and tire pyrolysis oil: impact
on engine performance and emissions
characteristics

Sadashiva Prabhu S', Kapilan Natesan?, Shivaprakash Y M', Norkhairunnisa Mazlan® and Gurumurthy B M'™

*Correspondence:

Gurumurthy BM
gurumurthy.om@manipal.edu
'Department of Mechanical and
Industrial Engineering, Manipal
Institute of Technology, Manipal
Academy of Higher Education,
Manipal 576104, Karnataka, India
2NITTE (Deemed to be University),
Nitte Meenakshi Institute of
Technology, Department of
Mechanical Engineering,
Bengaluru 560064, India
3Department of Aerospace
Engineering, Faculty of Engineering,
Universiti Putra Malaysia (UPM),
Serdang 43400, Selangor, Malaysia

@ Discover

Abstract
In many countries, the disposal of waste tires poses a serious environmental threat,
leading to air, soil, and water pollution. This problem can be effectively mitigated by
converting waste tires into fuel through pyrolysis. In this study, two major innovations
were introduced: the incorporation of tyre pyrolysis oil (TPO) as a blend to biodiesel
to enhance its volatility and combustion characteristics, and the use of graphene
nanoplatelets as an additive to further improve combustion efficiency and reduce
exhaust emissions owing to their superior thermophysical properties. The engine
tests conducted with a blend of 80% Karanja biodiesel and 20% TPO(B80T20) at
constant speed and varying loads demonstrated that the combined addition of TPO
and graphene significantly improved brake thermal efficiency and reduced harmful
emissions. The optimum graphene concentration of 75 mg/L yielded a 6.2% increase
in brake thermal efficiency, an 8.94% rise in exhaust gas temperature, an 18.75%
reduction in CO, 25% reduction in HC, an 8.16% increase in nitrogen oxides, and
a 10.16% decrease in smoke levels compared to B80T20 at full load. Furthermore,
regression analysis was performed to correlate engine performance and emission
characteristics, and a cost analysis with graphene addition was conducted to assess
the economic viability of the proposed approach.
Highlights
«  Studies on enhancement of biodiesel fuelled engine and reduction in emission
characteristics.
- Experimental investigation on effect of graphene addition to the mixture KOB
and TPO comprising brake thermal efficiency and emission characteristics.
+ Regression analysis of BTE and emission parameters with different dosages
under varying engine load conditions.
+ Evaluation of optimum dosage of graphene based on thermal performance
and emission analysis.
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1 Introduction

Many countries around the world are large energy consumers. Energy seems to be the
backbone of any economy, and oil was a key energy source for industry in the 19th cen-
tury [1]. Population growth and industrialization resulted in intensifying fears about
energy scarcity, climate change, and the persistent growth in energy requirements. It is
advisable to take various measures to increase energy efficiency and demand-side man-
agement, especially in the transport sector. Due to climate change and energy security
concerns, strong attention has been given to finding a substitute for the rising energy
demand [2]. Alternatively, it is worthwhile to strengthen renewable biofuels and increase
their usage. Conventional diesel engines are an area of interest which used most heavy-
duty purposes, and numerous studies have been conducted in recent years to under-
stand improvements in efficiency and reductions in emission levels, aiming to reduce
running costs. Due to the increase in demand and price, and to meet emission regula-
tions, blended biodiesel is an alternative to conventional fuels [3]. Renewable biofuels,
replacing diesel, have started to take a role in global energy policy, and countries like
Brazil have used them since 1929 [4]. Moreover, liquid biofuels may offer a quick rem-
edy to the problem of fuel supply insecurity for transportation, despite the fact that the
industry for liquid biofuel production is not yet fully developed. This situation is linked
to several factors, including the nature of the raw materials utilized, the specific meth-
ods employed in biodiesel production, and the proportion of blending or mixing with
other fuels and additives [5]. Biofuels are generally eco-friendly in terms of being biode-
gradable, sulfur-free, and non-toxic, compared to other traditional fuel sources. Global
demand for biofuels is expected to increase by 41 to 53 billion liters, or 28%, from 2021
to 2026 [6]. Some of the advantages, limitations, economics, comparative analysis, and
results of various researchers are found in the literature [7].

Production of biodiesel from wastes obtained from agriculture, industrial wastes,
municipal wastes, waste cooking oil, waste animal fat, etc. Is important for sustainability
and it can be used to achieve renewable and sustainable goals. The biofuel policy and
green shipping encourages the extraction of biodiesel from non-edible oils [8]. Various
methods of production of biodiesel and feedstocks are emphasized in the literature [9,
10]. Due to the high production costs of a few biodiesel, novel environmentally friendly
biofuel with newer technologies are being developed [11]. With regard to usage point
of view, there are some challenges to face when using biodiesel in engines, such as oxi-
dation stability and spray atomization, as these properties are affected by the viscosity,
density, and surface tension of biodiesel. Biodiesel’s oxidation stability can be improved
by using antioxidants [12]. Performance of the biodiesel-operated diesel engine showed
improvement for high injection pressure due to better atomized spray [13, 14]. Further,
ignition delay of biodiesel is shorter than that of diesel [15]. In order to reduce its higher
viscosity, improve its atomization, vaporization, and fuel-air mixing few researchers fol-
lowed preheating method, indicated that preheated crude palm oil (CPO) led to lower
exhaust emissions, including reduced levels of CO, HC, and PM when compared to OD
and emulsified fuels made with CPO [16]. Heterogeneous catalysts are preferred, as they
are especially good at generating high amounts of FFA (free fatty acid) in the feedstock
[17]. WCO biodiesel production options are low-cost and have well-developed collec-
tion and processing infrastructure [6]. So, cost, usage, need and issues to be thoroughly
assessed before the use the biodiesel.
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1.1 Significance of blending of biodiesel, associated issues and remedies

Different studies related to combustion, emission properties, and trace metal concen-
trations in particulates from biodiesel exhausts have been found in the literature [18-
20]. In summary, the addition of biodiesel to the test fuels increased the brake-specific
fuel consumption (BSFC), while the brake thermal efficiency (BTE) of biodiesel blends
was marginally lower than that of mineral diesel. Increasing the percentage of biodiesel
blends without engine modification is a matter of interest. Likewise, studies have been
conducted on B10, B20, and B30 fuels by several authors, who suggested that up to a
10% biodiesel blend engine modification is not required. According to them, B10 is the
optimum biodiesel blend for BTE [21]. Meanwhile, few researchers have focused their
attention on ternary blends. The analysis done by Sudalaiyandi et al. [22] indicated that
ternary blend 1 (5% biodiesel, 5% biodiesel rubber, and 90% diesel) and blend 2 (10%
biodiesel linseed, 10% biodiesel rubber, and 80% diesel) had better performance. It is
reported that ternary blends produce fewer NO, and CO emissions compared to base-
line diesel. This hints towards blending biodiesel and decrease in emissions.

Efforts are essential to increase the blend percentage. In that context, the preheating
process [16] decreases the viscosity of CPO to match that of ordinary diesel, thereby
enhancing the spray and atomization qualities of the fuel and resulting in more com-
plete combustion. It is suggested that this could even be a method to increase BTE and
reduce emissions. As the preheating process requires additional energy, the authors real-
ized that suitable secondary blend may increase BTE and reduce emissions by enhancing
biodiesel’s burning characteristics. To increase the blend percentage and also to over-
come the above-stated problem of viscosity and to enhance burning characteristics, it
is required to use a secondary blend. In that direction researchers have also focussed
their attention on extraction of oil from waste tyres (tyre pyrolysis oil) as it is available in
abundant quantities. It is a sustainable source that can be used either as a primary blend
or a secondary blend which may reduce operational cost and may reduce problems asso-
ciated with primary blend. Furthermore, limited studies were found on the blending of
TPO with various biodiesel in excess quantities. The benefits of adding both TPO to
KOB are explained in the following sections.

1.2 Blending TPO with KOB

Biodiesel offers excellent combustion characteristics due to its high oxygen content but
can have higher cost and lower energy content than conventional diesel. Mixing bio-
diesels will benefit in cost and properties perspectives. Few authors have identified that
mixing biodiesel like waste cooking oil biodiese (50%) and pongamia oil biodiesel (50%),
reduces production costs and processing time. However, biodiesel has higher viscosity
and lower volatility and needs additive to overcome these issues, and low-cost volatile
fuel can be used as its partial substitute. In that context, TPO can be a suitable fuel that
could be blended with biodiesel, and it mixes with biodiesel. Combustion of TPO is
similar to diesel when tested in a common rail, modern turbocharged, and inter-cooled
engine with EGR [23]. More benefits of using TPO in engines are highlighted by Muru-
gan et al. [24]. Among them, the BTE was found to increase with an increased blend per-
centage from 10 to 50% and no blocking of the injector or any seizing of the engine was
observed during testing.
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An experimental study of hybrid fuel blends (TP10KB20, TP20KB10) and equivalent
source blends (TPO30, KBD30, and diesel) is conducted on a single-cylinder CI engine.
The performance and combustion of TP10KB20 and TP20KB10 have been demon-
strated to be superior to those of all other single blends and diesel fuels [25]. Few studies
have shown that the engine is able to run on blends of TPO and hemp oil at different
loads, exhibiting similar performance to diesel [26]. However, the biodiesel content was
limited to 10%. It was interesting to observe how adding 100 ppm of cerium oxide NPs
to a diesel - TPO mixture increased the maximum cylinder pressure at various engine
loads [27]. So, the addition of NPs more advantageous in several aspects when biodiesels
are used in engines. More details are explained following section.

1.3 Significance of adding NPs and the beneficial effect of graphene

To enhance efficiency, NPs can be integrated with biodiesel mixtures. In addition, the
use of NPs additives enhances engine performance, improves heat transfer rates, opti-
mizes fuel mixture balance, modifies thermophysical properties, and reduces exhaust
emissions.

The addition of NPs, such as titanium oxide, significantly enhances engine perfor-
mance and reduces emission levels [28]. Integrating hybrid Al,O; and GO NPs with
dimensions of 20—-30 nm into a blend of 20% waste oil biodiesel and 80% diesel could
serve as a viable fuel option for commercialization in CI engines without requiring any
modifications to the engine [29]. A notable improvement has been observed in BTE for
nanoparticle-enhanced disperse test fuels. The highest increase in BTE recorded was up
to 24.7% when using a blend of Jatropha biodiesel (B20) with 50 ppm of Al,O; NPs. A
maximum reduction of 25% in BSFC was noted for a biodiesel blend with 150 ppm of
TiO,. Further, reductions up to 70.94% for HC, 80% for CO, and 30% for NO, in a methyl
ester of WCO(B10) when blended with 100 ppm of TiO,, JB20 when mixed with 20 ppm
of Al,O;, and WCO B10 combined with 30 ppm of Al,O5 and 30 ppm of CeO,, respec-
tively [30]. Copper oxide, a type of transition metal oxide, helps facilitate heat trans-
fer from the engine to the exhaust, consequently reducing NO, emissions. Therefore,
CuO NPs are considered to have significant potential as an additive for diesel engines
[31]. Higher combustion temperatures were linked to an increase in NO, emissions, but
a notable decrease in CO and particulate matter emissions, according to an emission
study that utilized CNTs.

Although they were slightly less successful than CNTs, ZnO and Al,O4 also improved
fuel atomization and combustion. This study demonstrates that biodiesel blends made
with NPs, particularly when CNTs are added, can significantly improve engine perfor-
mance and reduce emissions from incomplete combustion, but managing NO by car-
bon-based NPs additions in biodiesel blends will be essential to its widespread use [32].
This envisages an insight to carbon based nano into carbon-based NPs additions in bio-
diesel blends particle additions in biodiesel blend.

In that case, problems such as poor fuel properties and increased NOx emissions have
hindered its widespread use. To overcome these limitations, a few authors studied the
effects of antioxidants derived from leaf extract (NLA), eucalyptus leaf extract (ELA),
and pongamia leaf extract (PLA) [33]. To enhance the combustion and emission proper-
ties of DB10 fuel, MWCNT was added. With MWCN'T, fuel consumption dropped and
thermal efficiency increased. MWCNT decreased ignition latency by raising cylinder
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pressure and heat release. MWCNT mixes significantly reduced emissions of CO, HC,
and smoke. With MWCNT, NO, emissions rose, suggesting a trade-off in combustion
behaviour [34].

Limited studies were found in the literature on the performance and emission char-
acteristics of biodiesel when used beyond 20% along with additives. Furthermore, the
behavior and contribution of NPs to effective burning, particularly when biodiesel is in
excess, need to be understood and are not discussed extensively in the literature.

Graphene (GR), due to its basic structure, has a large area-to-thickness ratio, which
may improve its evaporation and burning characteristics. As observed, the evaporation
of the tiny fuel droplets from the fine spray that occurs in the combustion chamber is
broken by the fuel droplet. The viscosity, intermolecular bonding, and surface tension of
the biodiesel are higher. The use of GR may accelerate evaporation by reducing intermo-
lecular interaction and breaking the fuel droplets into microscopic particles.

As GR possesses high thermal conductivity, it can be utilized in heat transfer applica-
tions as nanofluids [35], and its addition enhances the engine’s BTE compared to bio-
diesel blends [36]. Because GR has special thermal and physical properties, researchers
are interested in applying GR and its derivatives to a wide range of applications, includ-
ing the combustion of biofuels [37]. It is also reported that GR exhibits superior char-
acteristics compared to other metal oxide NPs in terms of limiting micro explosions
during fuel combustion [38]. Also, it burns with biodiesel and does not cause any kind
of pollutants like metal oxide NPs. Further, GR’s excellent thermal conductivity, large
surface area, and electrical conductivity influence the ignition process. Furthermore, the
behavior of GR in the presence of a secondary blend, such as TPO, remains unknown.
The variation in performance and emission levels with an increase in GR dosage for vari-
ous biodiesel combinations is a matter of interest for optimum usage.

Adding GR to biodiesel blends improves the physical and chemical properties of the
fuel through several mechanisms. GR’s high surface area and catalytic activity promote
the breakdown of larger fuel molecules into smaller, more reactive species during com-
bustion, enhancing fuel oxidation and energy release. Its exceptional thermal conduc-
tivity facilitates efficient heat transfer, enhancing combustion stability and reducing
ignition delay. GR also interacts with the fuel at a molecular level, altering its viscosity
and density to optimize spray characteristics and improve air-fuel mixing in the com-
bustion chamber. These combined effects enhance fuel combustion efficiency, reduce
emissions, and optimize engine performance. In some cases, this type of additive has
contributed to a notable improvement in engine performance for 20% blended fuel [39].

Considering the above factors, we have chosen B80T20 (80% KOB +20% TPO) as the
base fuel to investigate the benefits of adding GR. Further, TPO has a higher calorific
value than KOB and their blends (Table 1). Therefore, it is used as a blend for KOB in the

Table 1 Engine details

Engine Four-stroke, single-cylinder
Make and model Kirloskar; model TV1

Engine bore (mm) 875

Engine stroke (mm) 110

Compression ratio 17.5:1

Maximum brake power (kW) 5.2 at 1500 rpm

Injection timing 23°bTDC

Injection pressure (bar) 200
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present case, with KOB in excess (80%) and no diesel content. The study aims to assess
the impact of adding GR on engine performance, soot characteristics, and emission pat-
terns, thereby addressing environmental issues associated with conventional fuels while
offering a high-performance and sustainable alternative fuel choice by investigating the
synergistic effects of graphene.

According to the literature survey, it was observed that Karanja oil biodiesel (KOB)
exhibits relatively higher viscosity and lower volatility, which limits its combustion per-
formance. To overcome these drawbacks, there is a need for novel, low-cost additives.
In this study, two key innovations were introduced: the incorporation of TPO, a fuel
with higher volatility that enhances the recyclability of waste tires for sustainable energy
development and the addition of GR, known for their exceptional thermophysical prop-
erties, to improve combustion and emission characteristics. The optimal GR dosage in
the KOB-TPO blend was determined experimentally to achieve the best performance
outcomes.

The key novelty of this study lies in the combined utilization of TPO and GR with
biodiesel, a hybrid additive strategy that has not been widely explored, to simultane-
ously overcome viscosity challenges, enhance volatility, and improve combustion per-
formance. This synergistic blend is investigating its impact on engine performance and
emission behavior, offering a new pathway for optimizing biodiesel-based fuels. So, the
present study involves dual innovation: (1) the synergistic use of biodiesel and TPO,
both derived from renewable or waste sources, and (2) the integration of GR to improve
fuel characteristics. The engine tests with the above combination of fuel are proposed.
Based on successful engine experiments, it is proposed to investigate the effects of TPO
addition to biodiesel and the role of GR in modifying fuel behaviour for improved per-
formance and emission characteristics. Furthermore, this work aims to optimize the GR
concentration and analyse its impact on engine performance and emissions under vari-
ous engine loads. The outcomes contribute to the development of high-efficiency, low-
emission alternative fuels through the combined use of waste-derived fuel and advanced
nanomaterial.

Prediction and optimization go in line with experimental investigation. The study’s
overall findings demonstrate the potential of tree-based ensemble learning, and extra
trees in particular, as a lightweight, accurate and reliable tool for real-time emission
prediction in low-carbon dual-fuel systems [40]. It is reported that the meta-regres-
sion found a significant positive association between increasing ratios of biodiesels and
decreasing torque, engine power, CO and CO2 emissions, and increasing fuel consump-
tion and NO emissions in terms of linear equations [41].

Response Surface Methodology is a technique to optimize input variables for various
engine-related parameters, thereby limiting the number of experiments. The full facto-
rial design (FFD) provides every possible combination of all factor levels, offering a com-
prehensive understanding of the process. FFD capacity to examine how several elements
interact to affect the result is one of the main advantages. All two-way and higher-order
interactions can be detected using a full factorial design without being confused with
other effects. Regression analysis is typically performed on parametric responses with
respect to variables. The regression equation, which is based on coded variables, will
provide valuable information. In the present analysis, the BTE and other emission levels
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have been studied with respect to dosage and load conditions. Experimental and RSM
values are to be compared, and the error rate needs to be verified.

2 Experimental setup and procedure

2.1 Materials and methodology

In this work, KOB was used as a biodiesel and primary fuel and TPO was used as the sec-
ondary fuel. The fuel mixture was obtained by mixing 80% KOB and 20% TPO (Volume
basis). The KO and TPO were procured from Bangalore, India. The GR concentrations,
50, 75, and 100 mg/L, were considered and added to the fuel mixture and subjected to
ultrasonication to prepare a homogenous fuel mixture.

KO is an inexpensive, non-edible resource with considerable potential for biodiesel
production. Due to its high acid value, a two-step transesterification process was
selected for biodiesel synthesis. The oil-to-methanol molar ratio was determined to be
1:6. Sulfuric acid and potassium hydroxide were selected as catalysts for the first and
second phases of the transesterification process, respectively. The temperature and dura-
tion for each transesterification step are set at 60 °C and 90 min, respectively. The TPO
was sourced from the Peenya Industrial Area in Bangalore, India.

KOB, KOB + 20%TPO(B80T20), and KOB + 20%TPO(B80T20) with various concen-
trations of GR were prepared and addition of GR to the fuel mixture exhibited slight
variation in appearance [42]. The GR quantities of 50, 75, and 100 mg were mixed
with 1 L of B80T20 and sonicated for 60 min to obtain a homogeneous mixture. The
properties of diesel, TPO, B80T20, and B80T20 with different GR concentrations have
been determined according to ASTM standards. The engine tests were conducted with
B80T20 as fuel to get baseline data. Then, the engine tests were conducted with B80T20
fuel mixture containing different dosages of GR. The open-burning tests were conducted
with the fuel mixture, and the burnt materials were subjected to FTIR, SEM, and XRD
analysis.

2.2 Experimental procedure

A performance test was conducted in an engine experimental setup, as shown in Fig.
la and b. A diesel engine used for agriculture applications, was modified to conduct the
experiments. The engine is a direct injection, water-cooled, and naturally aspirated type.
The technical specification details are given in Table 2. Engine test setup is equipped
with an airbox, manometer, fuel tank, fuel measuring unit, temperature sensors, trans-
mitter, load measuring devices and process indicator. The measuring instruments were
calibrated. The gas analyzer and smoke meters were used to collect the emission details;
their specifications are provided in Table 3. Eddy current dynamometer was used to vary
the engine load, as the load has a significant impact on both thermal performance and
engine emissions [43]. Tests were conducted at steady state, and at the engine speed of
1500 rpm and the engine load was varied to full load from no load condition. The engine
tests were conducted with all necessary safety precautions.

To establish a baseline data for diesel performance, experiments have been carried out
using B80T20 fuel mixture at 1500 rpm. A leak test and purging were done prior to the
emissions test, and a gas analyzer probe was kept in the exhaust stream. While changing
fuel, previous fuel was drained out, and new fuel was made to circulate in the fuel supply
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Fig. 1 a) Experimental setup b) Schematic diagram of engine setup

Table 2 Specification of engine exhaust gas analyzer and smoke meter

Make and model AVL DIGAS 444 N

Exhaust gas species Range Accuracy Uncertainty
CO (% vol) 0-15 —0.01to +0.01 +0.35

HC (ppm) 0to2x10* -10to+10

NO, (ppm) 0to5x10° —~50to +50

Smoke meter

Make and model AVL; 437 C

Range (%) 0-100% 0.01to +0.01

Table 3 Properties of fuels used

Sl.no Property B80T20 B80T20G50 B80T20G75 B80T20G100 Diesel TPO

1 Flash Point (° C) 142 140 139 138 68 68

2 Density (kg/m?) 872 874 875 877 841 924

3 Viscosity 40 °C (mm?s™") 4.8 483 486 488 2.7 269

4 Calorific Value (MJ/kg) 37.1 373 374 376 429 43225
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system. To ensure the system with new fuel, 100 ml of fuel was collected, and after a
15-minute runtime of the engine, readings were taken thereafter.

Baseline data was obtained under steady-state conditions using B80T20 as the fuel. In
the baseline study, the engine was run on B80T20, and its operating parameters, such as
compression ratio, injection pressure, and injection timing, remained unchanged. The
B80T20 was drained from the fuel supply system and fuel injector was then removed
to drain the fuel mixture from the fuel line and from the fuel filter. After this, fuel injec-
tor was refitted, and the engine was made to run on B80T20G50 and then run again for
15 min to reach steady state. Similar procedure was followed for the B80T20G75 and
B80T20G100 fuel mixture.

3 Results and discussion

3.1 Evaluation of properties of biodiesel and its blends

Two-step transesterification process used in this work results in biodiesel yield of 90%.
Gas chromatography analysis was done at Bangalore Test House, Bangalore, India and
the results showed that KOB contains various acids, including stearic, palmitic, oleic,
behenic, linoleic, and arachidonic acids. GR nanoplatelets were added to fuel BS0T20
and subejcted to ultrasonication to prepare a homogenous mixture and important
fuel properties were determined as per ASTM procedures, and average values of three
trails were considered for comparison. The properties of the B80T20, B80T20G50,
B80T20G75, and B80T20G100, diesel and TPO, were determined and tabulated in
Table 1. As observed, the flashpoint of the B80T20 decreases with the addition of GP
due to better heat transfer. Increase in calorific value was observed with GR addition and
this is because, GR is a carbon-rich nanomaterial with a high heating value, as its pure
carbon structure and strong carbon—carbon bonds. GR contributes additional chemi-
cal energy during combustion, thereby increasing the overall calorific value of the fuel
blend. However, there is a slight increase in density due to high carbon content and sub-
stantial mass per unit volume and also increase in viscosity due to interfere with the
smooth flow of fuel molecules.

3.2 Variation of properties of biodiesel by adding TPO and graphene-blending
characteristics
Figure 2a shows the FTIR analysis of KOB. The peaks between 2920.68 cm ! and
2860.8 cm™! and 1350 cm™! to 1480 cm™! correspond to the C-H stretch of alkanes. The
major absorption band corresponding to 1741 cm™!
which 1765-1735 cm™! corresponds to C = O stretch.
Analysing the FTIR spectra of TPO as shown in Fig. 2b, the peaks at 2913.25 and
2853.476 cm™! identified as C = C stretching and C-H stretching, respectively, represent
the Alkanes group. Additionally, the FTIR of GR show some peaks at 2150 cm™! and
3550-3650 cm™! strong peaks (Fig. 2c). Figure 2d illustrates the FTIR comparison of
KOB, B80T20, and B80T20 G100. A minor change in % transmittance is noted, but no
new bonds are detected. Figure 2d represents the superimposed FTIR patterns of KOB,
KOB + TPO, and KOB + TPO + GR. There is little variation in the pattern, indicating that
adding TPO and GR does not alter the basic chemical nature.

indicates the presence of esters,



Prabhu S et al. Discover Applied Sciences (2026) 8:222 Page 10 of 28

KOB

120
100
80

60

% Trasmittance

40
——KOB

20

4000 3500 3000 2500 2000 1500 1000 500 0
cm-!

(@

TPO
140
120
100
80
60

% Trasmittance

——TPO 40
20

5000 4000 3000 2000 1000 0
cm-!

(b)

100.4
100.2
100
99.8
99.6
99.4
99.2
99

% tranmittance

98.8
98.6

98.4
4500 4000 3500 3000 2500 2000 1500 1000 500 0

et
(©)

110

90

70

50

% Transmittance

KOB+TPO

......... KOB+TPO+GR 30

4000 3500 3000 2500 2000 1500 1000 500 0
-1
cm

(d)
Fig. 2 The FTIR results of a) KOB, b) TPO, ¢) GR d) B80T20G100 when tested in initial stages

3.2.1 Properties of graphene through SEM/XRD
Structural characteristics of GR were examined via SEM, as shown in Fig. 3, demonstrat-
ing its two-dimensional(2D) sheet-like form. The XRD pattern of GR resembles that of
graphite, as GR is inherently similar. (Fig. 4).
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3.3 Engine performance studies

60

a0

Without many modifications to the fuel injection systems, engine tests were carried

out. The engine performance is discussed in subsequent sections. The BTE was deter-

mined by measuring brake power and the mass of fuel consumed. The BTE is the ratio of

brake power to energy supplied by the fuel which is obtained by multiplying the mass of

fuel consumed and calorific value. All the parametric studies done on performance and

emission characteristics are presented in Fig. 5(a-f) and discussed in the next sections.

3.4 Thermal efficiency

Effect of GR on BTE for various load conditions is depicted in Fig. 5a and it shows that
the BTE of B80T20 is lower than other fuel mixture and this is due to higher viscosity

Page 11 of 28
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of this fuel mixture which causes higher ignition delay, resulting in B80T20 having a
lower pre-combustion phase and a higher diffusive phase. Addition of GR to B80T20
helps break down the biodiesel droplets into smaller droplets, thereby accelerating the
fuel’s evaporation [44]. However, increasing the addition of GR affects the BTE, so it
must be optimized. For cases B80T20G75 and B80T20G100, a higher BTE is observed
even at higher loads. This result aligns with the findings of other researchers [45]. The
B80T20G50 finds lower BTE in comparison to B80T20G75 and B80T20G100, as it finds
lower concentrations of GR. The B80T20G75 results in a 6.2% higher BTE than the
B80T20 at full load, indicating that an increased concentration of GR beyond 75 mg/L
adversely affects BTE.

Few studies in the literature show an increment in efficiency up to 18.93% with the
addition of 75 mg/L GR for OCB20 (diesel-80% blended with oleander and croton bio-
diesel-20% 20% (OCB20) [46]. From the similar studies done by Bayindirli et al. [47]
shown increment of 17.97% for cottonseed oil methyl ester. In our study, BTE is com-
paratively lower as B80T20 is used instead of diesel.

The optimum GR addition of 75 mg/L results in higher BTE due to the shorter igni-
tion delay created by the GR. Also, the high calorific value of the graphene-emulsified

Page 12 of 28
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fuel leads to high combustion pressure and higher BTE. On the contrary, the higher GR
dosage of B80T20G100 affects the spray formation of the fuel mixture, which affects the
combustion pressure and, in turn, reduces the BTE of the engine [48]. So, optimization
of graphene dosage is essential.

3.5 Temperature of exhaust gas

The addition of GR leads to an increase in exhaust gas temperature, as the carbon con-
tent in GR contributes energy and enhances combustion [49, 50]. Furthermore, it is also
reported that the temperature of the exhaust gas increases due to an increase in brake
mean effective pressure [51]. Figure 5b depicts the effect of the dosage of GR on exhaust
gas temperature with varying load conditions. The EGT of B80T20G75 is higher than
the B80T20G50 and B80T20G100 for increased load conditions. This trend is caused by
poor atomization and spray resulting from ted due to lower dosages of GR, as observed
even in the case of Bidir et al. [52]. The B8OT20G75 results in an 8.9% higher EGT value
than B80T20. A higher dosage of GR (G100) leads to agglomeration, which affects spray
and combustion, resulting in poor burning and lower EGT. The study suggests that an
increase in EGT occurs due to an increase in GR dosage up to a certain limit, after which
it decreases.

3.6 CO emissions

Incomplete mixing of air and fuel leads to increased CO emissions due to rich zones of
incomplete combustion. The CO also indicates poor combustion. However, the genera-
tion of CO in various fuel mixtures mainly results from the incomplete oxidation of the
fuel, in contrast to traditional diesel. The CO variation of the B80T20 -fuelled engine
with different GR dosages is represented in Fig. 5c. Further, the emission of CO increased
for increased load conditions due to a reduction in the A/F ratio. The CI engine emits
higher CO with B80T20 fuel at all loads than with other blends. The addition of GR to
B80T20 enhances both premixed and diffusion combustion phases, resulting in lower
CO levels. Higher heating values with the inclusion of GR generally lead to more energy
output, resulting in less CO,, as it is expected that CO converts into CO,. Decrease in
CO emission is attributed to the inclusion of GR in fuel mixture, which enhances the
fuel’s heating value and density, thereby leading to reduced CO emissions [52]. In the
present case, the CO emission was significantly reduced by adding GR at a dosage of 75
mg/L, compared to other dosages. The premixed combustion improves due to a reduc-
tion in ignition delay caused by the addition of GR, resulting in lower CO levels com-
pared to other dosages, as CO conversion to CO, is expected. The CO value is reduced
by 18.75% for B80T20G75 when compared with that of B80T20. It has been found that
incorporating 40 ppm of GO resulted in a peak decrease of 36.41% in CO emissions [53].
However, based on engine condition, injection timing, and injection pressure, CO values
differ, even though excess biodiesel provides sufficient oxygen.

Higher thermal conductivity and larger surface area of GR enhance combustion by
facilitating better fuel vaporization and improved heat transfer during B80T20 combus-
tion, thereby reducing the CO level. The GR dosage of 75 ppm results in the lowest CO
level, due to the better combustion achieved with the optimum GR dosage [48, 52]. From
the similar studies done by Bayindirli et al. [47] shown decrement of 14.99% cottonseed
oil methyl ester for(Gn-75) fuel cotton seed fuel.
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3.7 HCemissions

Figure 5d depicts the variation of HC for BS0T20 and different dosages of GR. HC emis-
sion is found to increase with the load. By observation, the HC emission is decreased
when GR is added to biodiesel. In the case of B80T20, higher viscosity results in a
higher diffusive combustion phase and a lower premixed combustion phase. GR breaks
the biodiesel droplets into smaller ones, resulting in increased fuel and air mixing and
enhanced fuel combustion, which leads to lower HC levels. Further, referring to Table
2, we observed that the heating value of the fuel increases. Generally, a fuel with a
higher heating value tends to have lower HC emissions. However, in our case, when
it comes to B80T20, a lower premixed combustion phase results in higher HC values
compared to B80T20G75. This improves droplet evaporation of fuel, and subsequently,
premixed combustion improves, resulting in increased combustion and a decrease in
HC emissions. Lowest emission level was achieved for the GNP-enhanced fuels, with
GNP500CB20 recording the lowest value, at 52.2% and 50% relative to D100 and
OCB20, respectively [46].

Overall, the B80T20G75 emits fewer hydrocarbons due to its superior premixed com-
bustion over other GR dosages. The B80T20G75 resulted in a 25% lower HC level when
compared with that of B80T20. The higher HC emission for the case of B80T20 (without
GR) is due to poor combustion, a result also observed by other researchers for other NPs
[54]. From the similar studies done by Bayindirli et al. [47] shown decrement of 15.73%
for cottonseed oil methyl ester.

3.8 NO, emissions

Figure 5e depicts the NO, emission engine at various loads for B80T20 and various
B80T20 -GR blends. The NO, emission occurs during the premixed phase of the engine’s
fuel combustion. Premixed combustion is enhanced, and the combustion temperature
increases as a result. Furthermore, the NOx content is low when the combustion tem-
perature is low. However, as the load increases, fuel consumption also rises, resulting in
higher NOx emission levels and higher combustion temperatures. Due to the presence
of additional oxygen in its chemical composition, biodiesel has unique properties [55].
Furthermore, the increased availability of oxygen improved fuel combustion, resulting
in a higher temperature within the chamber. The NO, content increases with load in our
studies, and this trend is also observed in the literature for other biodiesels [46]. How-
ever, increased NO, content is observed in our studies due to the excess biodiesel (80%)
as stated earlier. GR addition increases the NO, levels as GR exhibits higher thermal
conductivity and specific heat, which is responsible for improved pre-combustion and
increased temperature, ultimately leading to higher NO, emissions. The amount of NO,
due to the burning of fuel is associated with its heating value and the combustion pro-
cess, where fuels with higher heating values (with increased GR) may result in increased
NO, emissions. However, the NO, emission was found to decrease for a GR dos-
age of 100 mg/L. Due to increased biodiesel combustion, which raises NO, emissions,
B80T20G100 has lower NO, emissions than B80T20G75, indicating that excess GR does
not result in an increased NOx content beyond a certain level of GR dosage, likely due to
agglomeration issues. B80T20G100 results in higher NO, content at increased load con-
ditions. For B8OT20G75, the NO, level increased by 8.16% compared to that of BSOT20.
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3.9 Smoke opacity

Another main pollutant from diesel engines is smoke. Figure 5f represents the result of
graphene addition on smoke opacity according to load variations. The increase in engine
load increases engine smoke opacity as fuel consumption increases. The GR dosage of
75 mg/L resulted decreased smoke opacity compared to other dosages. The addition of
GR increases the surface-to-volume ratio, improving the evaporation of biodiesel spray
droplets. Furthermore, GR, being in the liquid, enhances the dispersion and atomization
of the droplets through breakup during injection. As a result, the fuel’s ignition charac-
teristics improve. Accelerated biodiesel oxidation and faster flame propagation reduce
engine smoke [56]. The reduction in the smoke level of B80T20G75 is 10.16% as com-
pared to B80T20.

The GR dosage of 75 mg/L results in a reduction in smoke, which is attributed to the
large surface area of the GR, enhancing combustion by reducing the ignition delay and
enabling complete fuel combustion, thereby lowering the smoke level as observed for
other nano additives [57].

3.10 Regression analysis of BTE with respect to dosages and load conditions

Data matrix used for regression analysis resembles a design plan for a full factorial and
without any replicates. However, we have a regression analysis based on RSM with
uncoded units. Randomized data sets (Table 4) are provided in Fig. 6a, which includes
residual analysis, detailing the occurrences. The significant and associated interactions
of the load and dosage were assessed through statistical RSM analysis. Table 5 presents
the results, including both main and interaction effects, the model coefficients, and the
calculated standard deviations for all coefficients. The coded coefficients are also pro-
vided in Table 6. It is concluded from the table that the most influential variables are
GR dosage and load. As shown in the figure, the BTE increases with load, and the addi-
tion of GR has a significant effect. The dosage has a positive influence on BTE up to
80%(Fig. 6¢). The difference in BTE is observed during lower loads and the same is found
to be small during higher loads, and the effect of dosage was found to be very significant
for dosages more than 80%, as detailed below.

All above analysis have R2 fit as shown in Table 6.

Furthermore, a close observation of Fig. 6¢ reveals the BTE values for dosages of 0-50
and 60-100 mg/L for loads of 80—100%. In the former case, the difference is small. This
leads to the conclusion that, up to 50 mg/L, the effect of GR on BTE is minimal, but
there is an increasing trend up to a concentration of 75 mg/L. For the latter case, the

Table 4 Analysis of variance

Source DF Adj SS Adj MS F-Value P-Value
Model 5 519.047 103.809 371.06 0.000
Linear 2 473.283 236.642 845.87 0.000
load \ 471.189 471.189 1684.25 0.000
dosage 1 2.095 2.095 749 0.021
Square 2 27.707 13.854 49.52 0.000
load*load 1 27379 27379 97.87 0.000
dosage*dosage 1 0.328 0.328 117 0.304
2-Way Interaction 1 0.297 0.297 1.06 0327
load*dosage 1 0.297 0.297 1.06 0327
Error 10 2.798 0.280

Total 15 521.845
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Table 5 Coded coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 27.002 0.28 96.27 0

load 14818 7.409 0.185 40.04 0 1.03
dosage 0.858 0429 0.185 232 0.043 1.01
load*load —6.036 -3.018 0.306 -9.86 0 1
dosage*dosage -0.526 -0.263 0.307 -0.86 0412 1.01
load*dosage 0412 0.206 0.247 0.84 0423 1.03

Table 6 R’ values

R-sq R-sq(adj) R-sq(pred)
BTE 99.44 99.15 98.64
co 99.18 98.76 98.30
HC 95.05 9257 89.96
NO, 98.89% 98.33 9741

BTE increased compared to the former case, but there was little variation after 80 mg/L.
This indicates that the dosage does not result in any significant variation in BTE at a dos-
age value of 80 mg/L. This is due to the fact that increased GR content also leads to the
problem of atomization. The higher GR dosage may cause agglomeration, resulting in
inconsistent fuel quality that affects the effectiveness of GR in enhancing the combus-
tion of the biodiesel blend. The optimum zones are those above 80 mg/L for loads of
80-90%, as seen in the plots in the top portion of the dark green bands. Interaction plots
reveal there are interactions among parametric variations (Fig. 7). The generalized equa-
tion with uncoded units.

BTE=5.923+0.4603 load+0.0122 dosage -0.002146 load*load -0.000105
dosage*dosage +0.000110 load*dosage.

3.11 Regression analysis of emission parameters with respect to dosages and load
conditions

i) Regression analysis on emission components (CO) and corresponding residual plots
and interaction plots are given in Fig. 8. Randomized data sets (Table 4), residual
analysis is provided in Fig. 7a, comprising occurrences.

The randomized data sets for the analysis are given in Table 4. The residual analysis is
provided in Fig. 8a, which includes occurrences of residuals, fitted values, and obser-
vation order. It is demonstrated through Fig. 8b that CO increases with load, and the
addition of GR has a significant effect, leading to a reduction in CO values to a dosage
value of 80 mg/L. The dosage has a positive influence on CO reduction up to 80 mg/L
(Fig. 8c). It is observed that up to a 55% load, the CO values remain the same, i.e., 0.02 g/
kWh. The CO variation during lower dosage remains sluggish for the lower load condi-
tion, with about 55% load, without much variation up to 60 mg/L. From Fig. 8¢, it is also
noted that the lower values of HC are observed for 75—-85 mg/L. For dosages exceeding
80%, the HC reduction is of a diminishing nature.

Regression Equation in Uncoded Units.

CO=0.04647 -0.001851 Load -0.000023 Dosage+0.000025 Load*Load +0.000001
Dosage*Dosage —0.000002 Load*Dosage.
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+ Regression analysis on emission components (HC) and corresponding interaction

plots are given in Fig. 8.

The randomized data sets for the analysis are given in Table 4. The residual analysis
is provided in Fig. 8a, which comprises occurrences of residuals. It is demonstrated
through Fig. 8b that HC increases with load, and the addition of graphene has a sig-
nificant effect, leading to a reduction in HC values to a dosage value of 80 mg/L. The
dosage has a positive influence on HC reduction up to 80 mg/L (Fig. 8c). The in-HC val-
ues during lower dosage remain sluggish for lower load conditions, ranging from about
35-65% load. From Fig. 8¢, it is also noted that the lower values of HC are observed for
75-85 mg/L. For dosages exceeding 80%, the HC reduction is of a diminishing nature.

Regression Equation in Uncoded Units.

HC=12.37+0.0152 Load -0.0441 Dosage+0.001800 Load *Load+0.000327
Dosage*Dosage —0.000466 Load*Dosage.

iii) Regression analysis emission component NO, and corresponding interaction plots
are given in Fig. 9.

The randomized data sets for the analysis are given in Table 4. The residual analysis is
provided in Fig. 9a, which includes occurrence residuals, fitted values, and observation
order. It is observed in Fig. 9b that NOx increases with load, and the addition of GR has
an adverse effect on the reduction of NOx emission; therefore, it is recommended to
have a lower dosage. However, after 80 mg/L, the GR dosage has shown a positive influ-
ence (Fig. 9¢). A difference in NOx values is observed at lower loads, and this effect is
found to be sluggish at higher loads.

Regression Equation in Uncoded Units.

NO = 132.2+14.06 Load+0.70 Dosage+0.0101 Load*Load -0.0080

X

Dosage*Dosage +0.0140 Load*Dosage.

3.12 Multiple response regression analysis

To establish this, variables such as load and GR dosage are considered influencing fac-
tors, and responses including BTE, HC, CO, and NOx are examined. Two cases where
the set parameters are shown in the overlaid contour plots (Fig. 10) below. For case 1
(Fig. 10a), the BTE value for the range of 30-35 is considered. For case 2(Fig. 10b), the
BTE ranges from 25 to 35, and NO, is restricted to 0—1000. For both cases, the feasible
range of dosage and load values has been shown.

3.13 Economics related to the usage of nanoparticles

In this study, a preliminary cost analysis was conducted to assess the economic feasibility
of incorporating GR as a fuel additive. The average diesel price in India is approximately
%90 per litre, which corresponds to about US $1.02 per litre. The Commercial GR costs
around US $0.00113 per mg, and based on the optimum dosage identified in this work,
75 mg/L, the additional cost of GR is approximately US $0.085 per liter. The engine tests
revealed that adding GR increased BTE by 6.2%, resulting in reduced fuel consumption.
This efficiency gain results in a fuel-saving value of roughly US $0.060 per litre. After
accounting for these savings, the net additional cost attributed to GR is reduced to only
US$0.025 per liter. Although a small net cost remains, the improved energy efficiency,
enhanced combustion, and reduced emissions provide substantial operational and envi-
ronmental benefits.
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The study demonstrates that blending KOB with TPO in an 80:20 volume ratio effec-
tively reduces the viscosity of the fuel and enhances its calorific value compared to pure
biodiesel. Furthermore, the addition of GR to this blended fuel significantly improves the
engine’s brake thermal efficiency and contributes to a noticeable reduction in exhaust
emissions, including CO and smoke opacity. These improvements suggest that the
KOB-TPO-GR combination presents a promising alternative fuel formulation, offering

enhanced combustion and emission characteristics compared to conventional biodiesel
blends.

4 Main findings

The study demonstrates that blending KOB with TPO in an 80:20 volume ratio effec-
tively reduces the viscosity of the fuel and enhances its calorific value compared to base
fuel mixture. Furthermore, the addition of GR to this blended fuel significantly improves
the engine’s BTE. It contributes to a noticeable reduction in exhaust emissions, including
CO and smoke opacity. These improvements suggest that the KOB-TPO-GR combina-
tion presents a promising alternative fuel formulation, offering enhanced combustion
and emission characteristics compared to conventional biodiesel blends.
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5 Limitations

The present study is limited by the specific fuel blend ratio and GR dosages considered.
Only a single blend ratio of 80% KOB and 20% TPO was investigated on a volume basis,
which may not fully capture the influence of varying blend proportions on engine per-
formance and emissions. Similarly, the GR dosage was restricted to three dosage levels,
which limits the ability to identify the absolute optimum dosage or to establish a more
detailed trend of its effects. Future studies should explore a wider range of KOB-TPO
blend ratios and GR dosages, along with potential interactions between fuel composi-
tion and nanoparticle loading, to develop a more comprehensive understanding of their
combined influence on combustion behavior, performance, and emission characteristics.

6 Scope for future work

The findings of this study highlight the potential of KOB-TPO-GR blends as a cleaner
and more efficient alternative to conventional biodiesel. Future research should focus
on exploring a wider range of blend ratios and nanoparticle concentrations to identify
the optimal combination for various engine types and operating conditions. Detailed
investigations into combustion kinetics, long-term engine durability, and GR dispersion
stability would further enhance understanding of the underlying mechanisms. Addition-
ally, life-cycle assessment and techno-economic analysis could provide insights into the
large-scale feasibility and environmental impact of implementing such nanofuel blends
in practical applications.

7 Conclusion

One method of reducing the viscosity of biodiesel is to blend it with another fuel that
has a lower viscosity and a higher calorific value. Hence, in this work, TPO was added
to biodiesel. An investigation of the blending of TPO with KOB and GR has been under-
taken. The standard FTIR technique was used to confirm the mixing properties of TPO-
blended KOB combined with GR. The findings from these analyses were encouraging,
enabling the incorporation of TPO and GR, prompting the authors to explore the ther-
mal performance. The variation in BTE and emissions was observed as the dosage of
nanoparticles increased from 0 to 100 mg/L. However, it was observed that there is a
limiting dosage value beyond which the trend varies.

The increment in BTE is observed with an increase in the dosage of GR. But the
B80T20G75 demonstrates a 6.2% increase in BTE compared to the B80T20 at full load.
From the optimization plots, it is observed that the ideal zones are those exceeding 80 g
for loads ranging from 80% to 90%. An increase in GR dosage influences the spray char-
acteristics of the fuel mixture, which impacts combustion pressure and subsequently
lowers the engine’s BTE. When comparing B80T20G75 to B80T20, the CO emissions
are decreased by 18.75%. The B80T20G75 also shows a 25% reduction in HC levels com-
pared to B80T20. Regarding NO, emissions, B80T20G75 indicates a 12.3% rise relative
to B80T20.

Additionally, the NO, levels for B80T20G75 have increased by 12.3% compared to
B80T20. The improvements in thermal efficiency and the reductions in engine emissions
were quantified in terms of percentage and. revealed a significant improvement in BTE,
along with a noticeable reduction in CO, HC and smoke opacity. They were found to be
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substantially higher than the estimated experimental error margins, thereby confirming
the effectiveness of the tested system and the validity of the results.

In summary, additives like GR in a moderate dosage of 50 gms to 75 gms to B80T20
improve the engine BTE, and it dramatically lowers particle, HC, and CO, emissions
from engines. However, it causes higher NO, contents due to increased heat release and
a higher rate of combustion. The regression analysis helps to obtain the required correla-
tion for various responses among dependent variables. The results indicate that GR can
be a better alternative to other nanoparticles, such as Al,O; and TiO,, for reducing emis-
sions. Based on the beneficial effects of adding TPO along with nanoparticles, the study
can be further extended to other types of biodiesels, taking TPO as a secondary blend.
The best biodiesel/nanoparticle combination can be proposed considering both perfor-
mance and emission characteristics.

The study demonstrates that blending KOB with TPO in an 80:20 volume ratio effec-
tively reduces the viscosity of the fuel and enhances its calorific value compared to pure
biodiesel. Furthermore, the addition of GR to this blended fuel significantly improves the
engine’s BTE and contributes to a noticeable reduction in exhaust emissions, including
CO and smoke opacity. These improvements suggest that the KOB-TPO-GR combi-
nation presents a promising alternative fuel formulation, offering enhanced combustion

and emission characteristics compared to conventional biodiesel blends.
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