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ABSTRACT: This research aimed to evaluate the performance and
emissions of direct injection diesel engines using blends of diesel—
biodiesel—esterified pyrolysis bio-oil (D—B—EPB). The pyrolysis process
was employed to produce pyrolysis bio-oil (PBO) from solid biomass
obtained from fresh palm fruits. Furthermore, a simple and effective
esterification process was used to upgrade the PBO. The methyl ester (ME)
purity of EPB production was studied to optimize three independent
variables: methanol (14.8—65.2 wt %), sulfuric acid (1.6—18.4 wt %), and
reaction time (16—84 min) using the response surface methodology. The
actual experiment yielded a ME purity of 72.73 wt % under the
recommended conditions of 40.3 wt % methanol, 13.0 wt % sulfuric acid,
50 min reaction time, 60 °C reaction temperature, and 300 rpm stirrer
speed. Additionally, the stability and phase behaviors of D—B—EPB blends
were analyzed by using a ternary phase diagram to determine the potential blending proportion. The results revealed that a fuel
blend consisting of 30 wt % diesel, 60 wt % biodiesel, and 10 wt % EPB (D30B60EPB10) met the density and viscosity requirements
of diesel standards. This D30B60EPB10 blend was subjected to performance and emission tests in diesel engines at various speeds
ranging from 1100 to 2300 rpm and different engine loads of 25, 50, and 75%. In terms of performance analysis, the brake thermal
efficiencies of biodiesel and D30B60EPB10 were 7.19 and 3.88% higher than that of diesel, respectively. However, the brake-specific
fuel consumption of the D30B60EPB10 blend was 6.60% higher than that of diesel due to its higher density and viscosity and lower
heating value compared with that of diesel. In the emission analysis, the D30B60EPB10 blend exhibited performance comparable to
diesel while being more environmentally friendly, reducing carbon monoxide, carbon dioxide, nitrogen oxide, and smoke opacity by
8.73, 30.13, 37.55, and 59.75%, respectively. The results of this study suggest that the D—B—EPB blend has the potential to serve as
a viable biofuel option, reducing the proportion of diesel in blended fuel and benefiting farmers and rural communities..

1. INTRODUCTION biomasses can be transformed into usable energy through
various methods, including (i) direct burning (combustion to
obtain heat); (ii) thermochemical processes to convert solid,
gaseous, and liquid fuels; (iii) chemical conversion processes to
generate liquid fuels; and (iv) biological conversion processes
to produce liquid and gaseous fuels.” There is significant
potential for developing the use of biomass liquid fuel as an
alternative fuel for compression ignition (CIn) engines,

The widespread adoption of fossil fuels as the primary energy
source has resulted in severe shortages in certain sectors today.
As a result, industrial sectors have transitioned from using
petroleum fuel to biomass fuel in order to reduce production
costs and minimize plant waste. There is a growing interest in
utilizing biomass resources to generate fuels and chemical
feedstocks, which are considered promising renewable energy
sources."” Biomass can be sourced in several ways: (i) after the

harvesting of crops such as stalks, rice straw, sugar cane, Received: July 12, 2023
cassava leaves, and shoots; (ii) through the processing of Revised:  October 24, 2023
agricultural crops such as bagasse, rice husk, corn cob, sawdust, Accepted:  October 31, 2023

slab palm fiber, and palm, among others; and (iii) from Published: November 13, 2023

biogenic components found in domestic rubbish such as food,
wool products, cotton, paper, yard, and wood wastes.”” These
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particularly in agriculture-dependent and developing coun-
tries.” Biochemical and thermochemical conversion methods
are commonly employed to unlock the energy potential of
biomass. Biochemical conversion techniques rely on biological
activity to convert biomass into alcohol or oxygenated
molecules.” Thermochemical processes, such as pyrolysis,
liquefaction, gasification, and supercritical fluid extraction, are
also used.® Among these processes, pyrolysis stands out due to
its high conversion efficiency, independence from external
feedstock, and low-pressure operation. Pyrolysis is considered
one of the most promising thermochemical conversion
processes for agricultural crop residues with low energy
density, producing pyrolysis bio-oil (PBO).”"

When comparing biomass raw materials, PBO is a renewable
energy source that has the potential to reduce dependence on
nonrenewable fossil fuels.” Despite the increasing importance
of electric vehicles, there is still a significant demand for CI
engines. The use of PBO in a diesel engine has been found to
enhance combustion efficiency and reduce CO, CO,, and NO,,
emissions. Pandey et al.'’ conducted a study on the
performance and emission analysis of PBO blends with diesel
(PBO 5, 10, 15, 20, 25, and 30%) in a CI engine. At maximum
load, the 30% PBO blend exhibited the lowest CO and CO,
emissions among all the blends due to the abundant availability
of oxygen within the combustion chamber. The presence of
oxygen in the bio-oil facilitates the conversion of CO to CO,
during the combustion process, resulting in a leaner mixture.
These fuels are classified as carbon-neutral fuels due to their
beneficial impact on reducing carbon emissions.'’ In terms of
raw materials for biomass and biofuel production, palm oil is
recognized as one of the largest sources for the production of
biodiesel, biomass, and bio-oil. It is a rapidly developing low-
cost tropical plant species.''

In the global market, Indonesia and Malaysia, the two main
palm oil producers, have significant influence on palm oil
pricing. Malaysia produces 19.7 million tons of palm oil
annually, while Indonesia produces 39.5 million tons. Although
Thailand is the third-largest palm oil producer globally, its
contribution to the market accounts for only 3.9% of the total
production. Palm oil yields per unit of land are 6—10 times
higher compared with soy, rapeseed, sunflower, coconut, and
olive oil yields."> Consequently, among all vegetable oils, palm
oil has the lowest production cost. Palm oil plantations play a
crucial role in Malaysia, providing substantial funds and
employment opportunities for numerous rural communities."
‘When overstock of palm oil rose in the world’s leading palm oil
producers of Indonesia, Malaysia, and Thailand, those
governments adopted strategies for coping with the situation
and helped palm farmers in each of their countries. Another
reason for the highest blend of palm oil in these countries is to
reduce reliance on imported diesel. In Indonesia, the
government is planning to promote the mandatory biodiesel
with 35% palm oil content (B3S) from B30. The Indonesia’s
economic ministry is convinced that this promotion will not
affect the domestic cooking availability and food industry.
Because the government requests and promotes local cooking
oil production in domestic market as well to meet rising
demand, this will help to support regular incomes of the labor
in the agricultural sector."* Moreover, the boosting of using
palm oil in Indonesia targets the requirements of energy
security and renewable energy supply by 2025."° In Malaysia,
the B20 biodiesel program was introduced in January 2020,
with gradual implementation planned at the end of 2022.

Malaysia has a plan to start a biodiesel program with 40%
blending (B40) in the transport sector. However, the
government committed that this biodiesel Jprogram was
postponed due to the pandemic-related delay.'® In Thailand,
diesel B10 replaced diesel B7 since January 2020, after being
designated as the standard diesel by the Ministry of Energy,
Thailand. Moreover, the ministry has encouraged diesel B20 to
be used by heavy trucks and buses to promote the stead

raising of the proportion of biodiesel in the diesel mixing.'

Thailand produced approximately 2.96 million tons of crude
palm oil (CPO) in 2021, and 1.15 million tons of CPO were
applied to the biodiesel production sector. In Thailand, the
48% of CPO goes to the biodiesel production sector and 52%
of CPO was applied for the domestic cooking and food
industry.'® Thailand government concerns and balances the
CPO production on both biodiesel production and food
security issue. Typically, palm fruit can be utilized as a source
of renewable energy to produce biodiesel from CPO obtained
through the palm mill extraction processes. Furthermore, when
appropriate processes such as pyrolysis are applied, palm fruit
can become a viable source of renewable energy. Much of the
research has focused on the production of PBO from solid
biomass byproducts of palm oil mill plants. For instance,
Sukiran et al,"” Salema and Ani*° and Sembiring et al.”!
employed empty palm fruit brunch as a raw material to
produce PBO. Other researchers such as Salema and Ani,”
Abnisa et al,”® and Mushtaq et al.”* used palm shells for
pyrolysis-based bio-oil production. However, no previous
studies have explored the utilization of palm fruit as a solid
biomass source for pyrolysis-based bio-oil production. There-
fore, this research aims to investigate the feasibility of
converting fresh palm fruits into liquid fuel, which is one of
the objectives of the study’s objectives.

During the pyrolysis process, palm fruits undergo various
stages of thermal breakdown in an oxygen-depleted environ-
ment. Consequently, liquid, carbon-rich solid residue and
gaseous fuels are produced simultaneously. However, when
PBO was directly blended with diesel, it either rapidly
separated into phases or was not resistant to the emulsion
phase. This is due to the low miscibility, variable surface
tension, and hygroscopic properties of these heavy oils.””
Typically, bio-oils have acid values ranging from 7 to 12% (acid
number of S0—100 mg KOH/g) and a pH of 2—4, which leads
to reduced yields and increased corrosion rates with higher
water content in PBO.”® Fu et al.”” stated that PBO chemical
compositions consist of complex acids, aldehydes, ketones,
esters, alcohols, phenols, and water, which must be eliminated
through esterification to reduce viscosity and increase pH.
Thus, the esterification process is necessary to decrease acid
values, viscosity, density, and ash content in PBO. Alcohol and
acid catalysts can be employed in the esterification process to
enhance bio-oil characteristics.”” The esterification process
effectively reduces the acidity and viscosity of PBO by
converting acetic acid to ethyl acetate.”

Emulsifying bio-oil with diesel is considered one of the most
practical and efficient methods to enhance the use of bio-oil as
a power fuel in internal combustion engines.”> The
emulsification of bio-oil and biodiesel presents potential as
an alternative fuel to traditional power fuels due to their
favorable combustion and emission characteristics, which can
lead to lower fuel consumption and pollutant emissions.””
According to several studies conducted by Ikura et al,”
Chiaramonti et al,’® Lin et al,>' and Martin et al,** wood

https://doi.org/10.1021/acsomega.3c05007
ACS Omega 2023, 8, 44586—44600


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Fuel Characteristics of Diesel, Biodiesel, EPB, and D30B60EPB10 Blend

property diesel standard
density at 15 °C (kg/m?) 810—870 828
viscosity at 40 °C (cSt) 1.8—4.1 2.95
cloud point (°C) 0
pour point (°C) <10 -9
acid value (mgKOH/g) 0.24
copper strip corrosion <no.1¢ <no.1*
higher heating value (M]/kg) 46.4
LHV (MJ/kg) 43.3
ME 9—10 vol %

methanol (wt %)

diesel (B10)

biodiesel EPB D30B60EPB10°
877 892 864
4.46° 6.94 4.07
13 6
12 4 4
0.28° 3.09 0.55
no.1a" no.la no.la
39.6 024 419
36.8 39.8 39.1
99.31 wt % 72.73 wt % 69.32 wt %
<0.01° 3.31

“Ministry of energy.’® bSomnuk et al.*” “D30B60EPB10 blend consisted of 30 wt % diesel + 60 wt % biodiesel + 10 wt % EPB.

biomass is the most commonly used raw material for
producing PBO, which can then be used to create bio-oil
emulsions with diesel. However, the potential of PBO derived
from wood biomass is limited due to slow growth and
restricted production capacity resulting from environmental
regulations and policies. Conversely, agricultural crop residues
serve as a viable alternative source of PBO for bio-oil in diesel
production and offer several benefits over other sources,
including high PBO yield, short growing cycles, and abundant
readily available resources. Moreover, the utilization of PBO
derived from agricultural crop residues has the potential to
reduce the consumption of fossil diesel fuel in the production
of this emulsion fuel, serving as an alternative for diesel
engines. Furthermore, PBO has shown promise in reducing
exhaust pollutant emissions compared with the use of diesel
fuel.”” Paramasivam et al.>’ studied the properties of bio-oil
produced from the pyrolysis process of Aegle marmelos (AM)
seed cake. Three blending percentages of 10, 15, and 20% bio-
oil mixed with diesel were tested in a diesel engine. For HC
emissions, 20% bio-oil emitted more HC than diesel fuel under
all engine load conditions. At the highest load, the maximum
NO, emissions of 10, 15, and 20% bio-oil and diesel emitted
1437, 1498, 1501, and 1511 ppm, respectively. In terms of CO
emissions, bio-oil blends significantly reduced CO levels
compared to diesel fuel. Diesel exhibited the highest CO
value emissions under all loading conditions compared to all
other test fuels. At maximum load, 10, 15, and 20% bio-oil and
diesel generated CO emissions of 0.53, 0.29, 0.17, and 0.74%,
respectively. It showed that the highest bio-oil blend emitted
the lowest CO emission. Therefore, as compared to diesel fuel,
bio-oil from AM produced through pyrolysis tests emitted less
NO, and CO emissions. In the research of Sukumar et al,**
bio-oil derived from the pyrolysis of sweet lime empty fruit
bunch was used as fuel in diesel engine. Various blend ratios of
B20BOSL-] 5%, B20BOSL-J 10%, B20BOSL-] 15%, and
B20BOSL-] 20% were utilized to analyze the emission and
performance of the diesel engine. Their results showed that the
lower NO,, emission was found in the BOSL-J blend when
compared to the diesel. Moreover, the exhaust gas temperature
(EGT) of bio-oil fuel blends was lower than that of diesel
because the duration of the delay was affected by the usage of
bio-oil blends, with shorter delay durations resulting in delayed
combustion and decreased EGT. At the maximum load, the
EGTs of 5, 10, 15, and 20% of BOSL-] blend and diesel were
approximately 370, 340, 330, 320, and 380 °C, respectively.
The primary objective of this work was to investigate the
conversion of solid biomass (palm fruits) into PBO (a liquid

biofuel) through a pyrolysis process, followed by the upgrading
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of PBO using a simple and effective esterification process. The
utilization of esterification offered advantages over fractional
distillation including lower operating temperatures, reduced
pumping power requirements, and simplified installation and
maintenance procedures for achieving high-grade liquid fuel.
Additionally, this study focused on using palm fruit as a raw
material to produce PBO, whereas most research utilized
empty palm fruit bunches and palm shells. The expectation was
that PBO derived from palm fruit would possess superior
physical properties, such as density, viscosity, pH, and high
heating value, resulting in the production of high-grade liquid
fuel. For an example of physical properties, PBO from empty
palm fruit branches and palm shells had densities of 1032 and
1051 kg/m® and viscosities of 1.7 and 3.2 cP, respectively,’>*°
while the density and viscosity of PBO from palm fruit in our
investigation were 863 kg/m® and 7.0 cP, respectively. The
esterification process for upgrading PBO and various
parameters such as methanol, sulfuric acid, and reaction time
were optimized by using a response surface methodology
(RSM). Upgrading PBO using the esterification process
increases the purity of methyl ester (ME). It helps reduce
acidity, increase the purity of ME, and improve fuel properties
such as the density, viscosity, and calorific value. However, no
previous studies have explored the utilization of palm fruit as a
solid biomass source for pyrolysis-based bio-oil production.
Therefore, this research aims to investigate the feasibility of
converting fresh palm fruits into liquid fuel, which is one of the
study’s objectives. This work includes studying the purity of
MEs from bio-oil upgraded by the esterification process, which
differs from other studies. Usually, palm fruit is the raw
material extracted as CPO for use in the food and biodiesel
industries. During the oversupply of palm fruit in Thailand,
palm fruit is used through a pyrolysis process without an
extraction process, which is a simple process and helps farmers
in one way. The second objective was to investigate the impact
of emulsifying upgraded PBO with diesel and biodiesel and
studying the influence of the fuel properties for its use as an
alternative fuel in a diesel engine. The stability and phase
behaviors of diesel—biodiesel—esterified pyrolysis bio-oil (D—
B—EPB) blends were analyzed by using a ternary phase
diagram. To the best of the authors’ knowledge, the stability
and fuel properties of D—B—EPB blends in varying
proportions have not been previously investigated. Finally, an
unmodified direct injection diesel [brake power (P,), brake-
specific fuel consumption (BSFC), and brake thermal
efficiency (BTE)] and emissions (O,, CO, CO,, NO,, EGT,
and smoke opacity) of diesel, biodiesel, and a D—B—EPB
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Figure 1. Schematic diagram of the slow pyrolysis process, esterification process, blending process, and engine testing.

blend at speeds of 1100, 1400, 1700, 2000, and 2300 rpm with
25, 50, and 75% engine load.

2. MATERIALS AND METHODS

2.1. Materials. The phase stability of D—B—EPB was
investigated by using diesel B10 (10% ME with 90% diesel)
obtained from a gas station. CPO with a high free fatty acid
(FFA) content was purchased from a palm oil mill in southern
Thailand. The properties of the CPO are as follows: a density
0f0.916 kg/L at 60 °C, a viscosity of 18.17 cP at 60 °C, 13.699
wt % FFA, 83.116 wt % triglyceride, 2.882 wt % diglyceride,
0.244 wt % monoglyceride, 0.059 wt % ester, 0.312% water
content, and an acid value of 30.0 mgKOH/g. Biodiesel
(B100) was produced from the CPO using a two-step
circulation process through the bundle tubes of the static
mixer reactor, which consisted of two bundle tubes of the static
mixer.”” Thus, B100 derived from CPO was used as a
component in the fuel blends to examine the phase stability
and test it in a diesel engine. The properties of B100 are
presented in Table 1.

In the PBO production process, the oil was extracted
through slow pyrolysis from palm fruits under the conditions
of 50 kg of palm fruits, a reactor temperature ranging from 300
to 500 °C, and a reaction time of 4 h. The properties of the
PBO are as follows: a density of 0.863 kg/L at 30 °C, a
viscosity of 8.20 cSt at 40 °C, a lower heating value (LHV) of
38.78 MJ/kg, an acid value of 101.36 mgKOH/g, a water
content of 0.414 wt %, and a ME content of 3.37 wt %. The
physical properties of the PBO were enhanced by employing
the acid-catalyzed esterification process to convert the high
FFA content of the CPO into ME, as described in eq 1. The
final product of the esterification process, known as EPB, was
used as a component in the fuel blends. The entire process of
slow pyrolysis from palm fruits and the upgrading of PBO
through esterification are illustrated in Figure 1. The
experiments on the esterification process utilized purely
commercial-grade chemicals, including 99% methanol and
98% sulfuric acid. The details of upgrading PBO using the
esterification process are described in the next section. The
properties of diesel, biodiesel, and EPB are listed in Table 1.

H,80,
FFA + Methanol «——— Methyl ester + Water (1)

2.2. Upgrading Pyrolysis Bio-Oil by the Esterification
Process. 2.2.1. Experimental Design. To assess the
effectiveness of the design of experiments and optimize ME
production from PBO, a central composite design (CCD) was
employed in conjunction with RSM. The goal was to identify
the optimal conditions for investigating ME purity in EPB. The
RSM utilized a three-factor and five-level CCD, where
experimental designs varied within the ranges of methanol
content (14.8—65.2 wt %), sulfuric acid content (1.6—18.4 wt
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%), and reaction time (16—84 min), represented by the levels
—1.682, —1, 0, +1, and +1.682. Table 2 presents the variables

Table 2. Independent Variables and Code Levels of RSM
Experiments

coded variable level

units —1.682 -1 0 +1 +1.682
methanol (M) wt % 14.8 25 40 SS 65.2
sulfuric acid (S) wt % 1.6 S 10 15 184
reaction time (T) min 16 30 N 70 84

independent variables

and their corresponding code levels, whereas Table 3 shows
the experimental design encompassing 18 experiments. The
purities of ME were analyzed using second-order polynomial
equations and multiple regression analysis, as shown in eq 2.

k k k k
Y= fy+ DBt DA+ 3, X Bk
i=1 i=1

i=1 j=i+l (2)

2.2.2. Experimental Procedure of EPB. To initiate the
esterification process, 100 g of PBO was placed in a 250 mL
beaker and heated to 60 °C. Methanol was then blended at 300
rpm on a stirrer until the mixture appeared homogeneous.
Sulfuric acid was gradually added, and the timer was started
immediately. It is important to note that the addition of
sulfuric acid triggers an exothermic reaction; therefore, it must
be carefully controlled to remain below 64.7 °C, the boiling
point of methanol. To prevent a forward reaction, the reaction
should be rapidly cooled in cold water when it reaches the end.
The resulting product consists of crude EPB (CEPB) and
generated wastewater, with the less-dense CEPB floating on
top and the wastewater settling at the bottom. The CEPB was
washed with water to remove any remaining methanol and
sulfuric acid residues. After purification, it is referred to as EPB
and its ME purity is evaluated using nuclear magnetic
resonance (NMR) spectroscopy with a model: AVANCE
NEO 500 MHz instrument from Bruker, Germany.

2.3. Blending of D—B—EPB. To create the D—B—EPB
blended fuel, three components were mixed with biodiesel
using a magnetic stirrer at 400 rpm at a temperature of 30 °C
(room temperature) for 10 min until a homogeneous phase
was achieved. The resulting phases in D—B—EPB were
observed for different ranges of diesel (0—90 wt %), biodiesel
(0—90 wt %), and EPB (10—90 wt %), and the results were
depicted in a ternary diagram. The final blends of D—B—EPB
were stored in glass bottles, and the lids were immediately
closed to observe the phase behavior of the fuels after complete
blending for 30 days. However, all blend fuels were kept
motionless for 3 months to assess their long-term stability at
room temperature.

https://doi.org/10.1021/acsomega.3c05007
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Table 3. Experimental Design and the ME Purity Results from the Esterification Process”

experiments M (wt %) S (wt %)
1 14.8 10.0
2 25.0 5.0
3 25.0 S.0
4 25.0 15.0
S 25.0 15.0
6 40.0 1.6
7 40.0 10.0
8 40.0 10.0
9 40.0 10.0
10 40.0 10.0
11 40.0 10.0
12 40.0 10.0
13 40.0 18.4
14 55.0 5.0
15 55.0 5.0
16 55.0 15.0
17 55.0 15.0
18 65.2 10.0

ME (wt %)

T (min) actual predicted error
S0 66.45 65.86 0.59
30 57.14 56.84 0.30
70 63.69 63.24 0.45
30 68.97 70.21 —-1.24
70 71.43 71.63 —0.20
S0 56.02 57.58 —1.56
16 65.33 65.05 0.28
S0 71.17 71.19 —-0.02
S0 71.17 71.19 -0.02
N 71.22 71.19 0.03
NV 71.26 71.19 0.07
84 70.92 71.70 —-0.78
S0 73.08 72.04 1.04
30 62.77 62.06 0.71
70 69.92 68.46 1.46
30 70.92 70.86 0.06
70 72.20 72.28 —0.08
S0 69.69 70.79 -1.10

“Note: M is methanol, S is sulfuric acid, T is the reaction time, ME is the methyl ester purity.
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Figure 2. Diesel engine test rig: (1) D1 engine; (2) exhaust gas analyzer; (3) smokemeter; (4) air temperature sensor; (S) engine oil temperature
sensor; (6) EGT sensor; (7) dynamometer; (8) strain gauge load cell; (9) rotary encoder; (10) electric contact pressure gauge; (11) water
temperature sensor; (12) fuel temperature sensor; (13) digital scale; (14) load controller; (15) control panel; (16) data logger; and (17) computer

screen.

2.4. Fuel Property Testing. Table 1 presents the fuel
characteristics of diesel, biodiesel, EPB, and fuel blends. These
properties were measured using a hydrometer in accordance
with ASTM D1298-12b, and viscosity was determined using a
viscosity bath (model: Julabo Visco Bath ME-16G, Julabo
Labortechnik GmbH; Seelbach, Germany) following ASTM
D445-17a. The water content was measured using a volumetric
Karl Fischer titrator (model: Mettler-Toledo V30S; Switzer-
land) in accordance with EN ISO 12937. The cloud point and
pour point were determined using a cloud and pour point
analyzer (model: Herzog CPP 97-2 device; Germany) as per
ASTM D2500 and ASTM D97, respectively. The acid value,
measured in milligrams of KOH/g, was determined through
titration following ASTM D664-09. Copper strip corrosion was
assessed by using a Herzog HZ9011 instrument according to
ASTM D130-04. The higher heating value and LHV were
determined using a CHNS/O analyzer (model: Flash 2000;
Thermo Scientific; Italy). The purity of ME was analyzed using
an NMR spectrometer (model: AVANCE NEO 500 MHz;
Bruker, Germany) according to EN 14103. The ME of EPB
after the esterification process was analyzed using a Fourier
transform NMR analyzer on a 'H NMR spectrometer

operating at 500 MHz, with CDCIl; as the solvent. The
methanol content was determined using a gas chromatograph
(model: 6850, Hewlett-Packard; USA) following EN 14110.

2.5. Diesel Engine Testing. The experimental setup
involved a Kubota RT 100 DI diesel engine (model), as shown
in Figure 2. The engine operated with a compression ratio of
18:1 and followed air-standard diesel cycles. The maximum
power and engine speed were 7350 W and 2400 rpm,
respectively. The maximum torque was 33.34 N m at an engine
speed of 1600 rpm. The engine had a bore/stroke of 88 mm/
90 mm, a displacement volume of 547 cm?® a horizontal
cylinder arrangement, an injection timing of 15—17° BTDC,
and an injection pressure of 220 kg/cm® To simulate different
engine loads, a dynamometer (model: DW 16, Jiangsu Lan
Ling Test Equipment Co., Ltd.) was utilized. The eddy current
dynamometer had a maximum power of 16 kW, a maximum
torque of 70 N m, and a maximum speed of 13,000 rpm. It had
a maximum voltage of 80 V and a maximum current of 3.5 A.
The cooling water pressure ranged from 0.02 to 0.05 MPa, and
the cooling water flow rate was 6.5 L/min. Further details of
the diesel engine and eddy current dynamometers are provided
in Table 4.
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Table 4. Technical Specifications of the Test Engine and
Dynamometer
engine dynamometer
characteristics specification characteristics specification
model RT 100 DI model DW 16
type of engine  4-stroke, cooling  type of eddy current
with water dynamometer brake
type of direct injection maximum power 16 kW
combustion
method of naturally aspirated maximum torque 70 N m
charging
number of 1 maximum speed 13,000 rpm
cylinders
cylinder horizontal turning inertia 0.02 kg m?
arrangement
compression 18:1 maximum voltage 80 V
ratio
bore/stroke 88 mm/90 mm maximum current 3.5 A
displacement 547 cm® cooling water 0.02—0.05 MPa
volume pressure
maximum 7.35 kW, flow of cooling 6.5 L/min
power 2400 rpm water
maximum 33.34 N m,
torque 1600 rpm
maximum 2400 rpm
speed
injection timing 15—17° BTDC
injection 220 kg/cm?
pressure

For emissions analysis, the exhaust gas analyzer (model:
Testo 350 XL; Titisee-Neustadt; Germany) was used to
measure CO, CO,, NO, emissions, and O,. The smoke opacity
was measured by a smokemeter (model: CAPELEC;
CAP3201EX-GO; Montpellier; France) in the range of 0—
99.9%. The fuel consumption rate for the diesel engine was
determined in kilograms per hour at various speeds of 1100,
1400, 1700, 2000, and 2300 rpm, with loads of 25, 50, and
75%, using a digital scale. To analyze engine emissions, the

emission unit conversion from vol % or ppm to g/kW-h was
calculated using the following equations’

0,(g/kW-h) = 41.024 X O,(vol %) (3)
CO(g/kW-h) = 3.591 X 10>XCO(ppm) (4)
CO,(g/kW-h) = 63.47 x CO,(vol %) (5)
NO,(g/kW-h) = 6.636 x 10~> X NO,(ppm) (6)

2.6. Uncertainty Analysis. To determine the accuracy of
the parameters and achieve reliable results, it is necessary to
consider the uncertainty of the data obtained from the
experiment. In the case of engine emissions, the uncertainty
encompasses O,, CO, CO,, NO,, EGT, and smoke opacity.
Engine efficiency uncertainty, on the other hand, includes Py,
fuel consumption, BSFC, and BTE. Py is calculated based on
the uncertainty of engine speed and load, while fuel
consumption is derived from the uncertainty of fuel weight,
time, and fuel temperature. BSFC is determined by considering
the uncertainty of Py and fuel consumption, while BTE
considers the uncertainty of LHV and BSFC. The measuring
range, accuracy, and uncertainty data are presented in Table S.
Consequently, the overall experimental uncertainty can be
estimated to be approximately +1.04%. In summary, the
overall experimental uncertainty is

=[uncertainty of{ (O,)* + (CO)* + (CO,)* + (NO,)*
+ (EGT)* + (Smoke opacity)® + (BTE)Z}]I/2

= [uncertainty of{ (0.05)* + (0.01)* + (0.13)*> + (0.02)
+ (0.01) + (0.04)* + (1.03)*}]"

=+ 1.04%

3. RESULTS AND DISCUSSION

3.1. Prediction Model and Statistical Analysis of the
RSM. Prediction models were developed using RSM analysis

Table 5. Percentage Uncertainties of Various Instruments

measurement parameter measuring range instrument accuracy uncertainty (%)
Measured Variables
0, (vol %) 0 to 25 vol % emission analyzer +0.8% +0.05
CO (ppm) 0 to 10,000 ppm emission analyzer +5% +0.01
CO, (vol %) 0 to 25 vol % emission analyzer +0.8% +0.13
NO, (ppm) 0 to 3000 ppm emission analyzer +5% +0.02
EGT (°C) 0 to 1000 °C temperature sensor +2.6% +0.01
smoke opacity (%) 0 to 99.9% smoke analyzer +0.1 +0.04
engine speed (rpm) 0 to 6000 rpm rotary encoder +10 rpm +0.17
fuel weight (g) 0to300¢g digital scale +0.02 g +0.01
time (s) - digital stopwatch timer +0.1s +0.08
fuel temperature (°C) 250 to 1300 °C temperature sensor +2.6 °C +0.20
load (Nm) 0to70 Nm strain gauge load cell CHNS/O analyzer +0.1% +0.01
LHV (kJ/kg) +0.56
Calculated Parameters
P4 (W) +0.18
fuel consumption” (kg/h) +0.29
BSEC® (kg/kW-h) +0.47
BTE? (%) +1.03

“The uncertainty of P, is [(uncertainty of engine speed) + (uncertainty of load)], is equal to [(0.17) + (0.01)] = + 0.18%. “The uncertainty of fuel
consumption is [ (uncertainty of fuel weight) + (uncertainty of time) + (uncertainty of fuel temperature)], is equal to [(0.01) + (0.08) + (0.2)] = +
0.29%. “The uncertainty of BSFC is [(uncertainty of P,) + (uncertainty of fuel consumption)], is equal to [(0.18) + (0.29)] = + 0.47%. “The
uncertainty of BTE is [(uncertainty of LHV) + (uncertainty of BSFC)], is equal to [(0.56) + (0.47)] = + 1.03%.
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to identify the optimal conditions for ME production from
EPB by evaluating the correlation between independent and
dependent variables. The experiments yielded ME purities
ranging from 56.02 to 73.08 wt %, as shown in Table 3. A
second-degree polynomial model was used to predict ME
production from EPB. Multiple regression analysis was used to
fit models from 18 experiments with a Microsoft Excel add-in
tool, as detailed in Table 6. Table 6 shows the coefficient

Table 6. Values of Coefficients and ANOVA of the
Prediction Model”

coefficient value p-value
Bo 19.1932 0.0017660
B 0.6094 0.0006592
by 3.8951 0.0000024
b 0.4653 0.0003700
P —0.0045 0.0084233
Bs —0.0152 0.0144530
Be —0.0902 0.0000373
B, —0.0125 0.0093460
B —0.0024 0.0094154
R? 0.976
R usted 0.956
source SS MS E, Vgt DOF
regression 4274413 $3.4302 467 323 (Foosso) 8
residual 10.2969 1.1441 9
LOF error 10.2912 17152 9027 894 (Fyeses) 6
pure error 0.0057 0.0019 3
total 437.7382 17

“Note: SS, sum of squares; MS, mean square; F,, test statistic; Fiignip
F-table of critical values for a significance level of 0.05; LOF, lack-of-
fit; and DOF, degrees of freedom.

values, p-values, and analysis of variance (ANOVA) for ME
generation of eq 7. At a 95% confidence level, p-values of each
coefficient of less than 0.05 were considered statistically
significant in the predicted model. The purity of ME was found
to depend on the methanol content, sulfuric acid content, and
reaction time, which were examined using complete multiple
regression techniques at a 95% confidence level. Equation 7
presents the predicted model for the correlation between the
ME purity and the three parameters. The coeflicient of
determination (R?) and adjusted coefficient of determination
(R gjustea) values for ME purity were 0.976 and 0.956,
respectively. The regression coefficients, p-values, and
ANOVA for ME production are shown in Table 6. In the
predictive model, coefficients with p-values less than 0.05 were
considered statistically significant at a 95% confidence level.
The terms f3,S and f3,S* in eq 7 had the lowest p-values in the
correlation prediction model, indicating that sulfuric acid
content significantly impacted ME purity in EPB. The
influences of reaction time and methanol content were
denoted by the terms S;T and p|M, respectively, ranking
third and fourth. The F-test results showed that the F, value of
46.7 exceeded the F.; value of 323 (Fygsg0) at a 95%
confidence level, as shown in Table 6. Thus, the correlation
prediction equation for the ME purity was statistically
significant. Moreover, the number of experiments was adequate
for examining how the independent variables affected the
increase in the ME purity. The correlation between the
anticipated and the actual experimental ME purity is
demonstrated in Figure 3. The results confirmed that the

100
90 -
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70 A
60 -
50 4
40 A
30 4
20 4
10 4

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Actual (wt.%)

Predicted (wt.%)

Figure 3. Comparison of ME purity increment results between
predicted and actual experiments.

appropriate model can be used to observe the ME purity rising.
Additionally, R* and Rzadjusted were used to assess the model’s
validity. Both coeflicients were very close to 1, confirming that
the model was highly significant and that the degree of
correlation between the dependent and independent variables
was acceptable. In addition, as shown in Table 3, the
comparisons of the observed and expected values showed a
satisfactory level of agreement. These statistical tests indicated
that the preferred model provided reliable predictions of ME
purity across all of the tested parameters in the experiments.

ME=, + M + B,S + BT + M + BMS + BS’
+ B,ST + B,T* )

where ME is the methyl ester purity (wt %), M is methanol (wt
%), S is sulfuric acid (wt %), T is the reaction time (min), and
P is the coeflicient value.

3.2. Response Surface Plots and Optimal Condition.
The relationships between the dependent variable (ME) and
independent variables (methanol, sulfuric acid, and reaction
time) in the production of ME from EPB are shown as contour
plots in Figure 4. The solver function in Microsoft Excel was
utilized to determine the optimal conditions for ME
production from EPB. These optimal conditions were then
employed to produce ME from EPB, which was subsequently
analyzed using the NMR method. The highest purity of ME,
amounting to 73.50 wt %, was achieved under the optimal
conditions predicted by the model, which entailed 44.8 wt %
methanol, 13.6 wt % sulfuric acid, and a 61 min reaction time.
To validate the accuracy of the predicted model, the optimal
conditions were implemented in an actual experiment to verify
the purity of ME. The experimental results yielded a ME purity
of 73.26 wt %, which closely aligned with the values obtained
from the prediction model. This confirms that the prediction
model exhibits a high level of confidence in the production of
ME through the esterification process from EPB.

3.3. Phase Stability of D—B—EPB. Figure S illustrates the
phase separation behavior of D—B—EPB at 30 °C after 30
days, with symbols representing different characteristics: ()
liquid one-phase, ([]) liquid two-phase, (/\) acceptable
density of fuel blend, and () acceptable density and viscosity
of fuel blend. The phase separation behavior can be
categorized into two types: liquid one-phase and liquid two-
phase. A one-phase liquid refers to a homogeneous liquid
without any separating layer or suspended particles. On the
other hand, the liquid two-phase consists of two distinct layers:
a dark green top layer and a dark brown bottom layer.
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Figure 4. Contour plots of the effects of the three parameters on the ME purity in EPB: (a) methanol and sulfuric acid, (b) methanol and reaction

time, and (c) sulfuric acid and reaction time.
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Figure 5. Phase behavior of D—B—EPB, (()) liquid one-phase, (CJ)
liquid two-phase, (A) acceptable density of fuel blend, and (A)
acceptable density and viscosity of fuel blend.

Observation of the phase separation behavior of D—B—EPB
reveals that the blend fuels exhibit no phase separation (liquid
one phase) in 33 out of 54 conditions, while phase separation
(liquid two phase) occurs in the remaining 21 conditions.
Further analysis of the liquid one-phase conditions or
homogeneous regions, considering the homogeneous regions
of proportion of diesel (0—30 wt %), biodiesel (0—90 wt %),
and EPB (10—90 wt %), indicates that a proportion of diesel
exceeding 30 wt % leads to liquid two-phase or heterogeneous
region formation and faster phase separation. This can be
attributed to the better compatibility of EPB with biodiesel
compared with diesel. Hence, the phase separation behavior is
more prolonged when the proportion of diesel is below 30 wt
%. The liquid two-phase conditions consider the heteroge-
neous regions of proportion of diesel (40—90 wt %), biodiesel
(0—50 wt %), and EPB (10—60 wt %). The properties of
density and viscosity for the liquid one-phase were also
examined. It was observed that the density of the liquid one-
phase met the diesel standard within the range of 810—870 kg/
m? under six conditions. Similarly, the viscosity of the liquid
one-phase met the diesel standard within the range of 1.8—4.1
cSt at 40 °C, with only one condition (D30B60EPB10)
meeting the criteria. This blended fuel consists of 30% diesel,
60% biodiesel, and 10% EPB. Consequently, this blend will
undergo testing in an unmodified diesel engine at various
engine speeds and loads to analyze its performance and exhaust

44593

gas emissions. Table 1 presents the fuel characteristics of
diesel, biodiesel, EPB, and D30B60EPB10.

3.4. Engine Performance. 3.4.1. Brake Power. P, is the
actual power obtained at the crankshaft and is always lower
than the indicated power.” P, is a product of torque and
angular speed, and an increase in P, can be attributed to
increased torque and angular speed.”’ Figure 6a illustrates the
Py, for diesel, biodiesel, and D30B60EPB10 at different engine
speeds. As the engine speed increased to 2300 rpm, the P,
values of all fuels also increased. However, the P, values of
biodiesel and D30B60EPB10 were slightly lower than that of
diesel at all speeds. When P, was compared at a maximum
engine speed of 2300 rpm and diesel exhibited the highest Py
level, followed by D30B60EPB10 and biodiesel. This can be
attributed to the higher viscosity and density of biodiesel and
D30B60EPB10 compared with diesel, which leads to decreased
fuel combustion efficiency due to poor atomization,*”* as
shown in Table 1. Furthermore, the LHV of biodiesel and
D30B60EPBI10 is also lower than that of diesel, resulting in
lower P,.**** Mofijur et al.** reported that the lower P, of
biodiesel blend compared with that of diesel is due to its lower
calorific value and higher viscosity, which result in uneven
combustion characteristics and decreased Py,

3.4.2. Brake-Specific Fuel Consumption. BSEC is defined
as the ratio of fuel consumed per hour to produce 1 kW of Py,
Various physiochemical characteristic factors impact engine
fuel consumption, 1nc1ud1ng density, viscosity, heating value,
and cetane number.”” Figure 6b illustrates the variation in
BSEC for diesel, biodiesel, and D30B60EPB10 at different
engine speeds and loads. Biodiesel exhibits the lowest LHV,
resulting in the highest BSFC at all engine speeds and loads.
When comparing all fuel types, it was observed that both
biodiesel and D30B60EPB10 have higher BSFC than diesel
due to their lower LHV, necessitating more fuel to achleve the
same level of Py, Midhun Prasad and Murugavelh*® reported
that the BSFC of tomato pyrolysis oil blend (TPO) was higher
than that of diesel due to its higher mass and lower calorific
value. The lower calorific value can explain the higher BSFC of
the TPO blends. When comparing biodiesel and
D30B60EPB10, the BSFC of D30B60EPB10 was lower than
biodiesel due to its higher LHV. Additionally, the higher
density and viscosity of biodiesel and D30B60EPB10 lead to
larger droplets and hinder vaporization in the combustion
chamber during the injection stage, resulting in increased
BSFC. Subramanian et al.*” reported that the BSFC of the
PBO blend was higher than that of diesel due to its higher
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Figure 6. Effect of all fuels on the performance of diesel engines operating at various engine speeds and loads: (a) P, (b) BSFC, and (c) BTE.

density. Higher density values can account for the higher BSFC
values of PBO blends. Comparing biodiesel and
D30B60EPB10, the BSFC of the blend was lower than that
of biodiesel due to its lower density and viscosity. At 25, 50,
and 75% engine load, the BSFC of D30B60EPBI0 closely
resembled that of biodiesel, as D30B60EPB10 had a calorific
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value similar to biodiesel. At 25% engine load and 2300 rpm
speed, the BSFCs of biodiesel and D30B60EPB10 were 9.76
and 3.87% higher than that of diesel, respectively. Compared
with biodiesel, the BSFC of D30B60EPB10 was 5.37% lower.
At 50% engine load and 2300 rpm, the BSFCs of biodiesel and
D30B60EPB10 were 15.32 and 6.44% higher than that of
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Figure 7. Effect of emissions on combustion in diesel engine: (a) O,, (b) CO, (c) CO,, (d) NO,, (e) EGT, and (f) smoke opacity.

diesel, respectively. Compared with biodiesel, the BSFC of
D30B60EPB10 was 7.70% lower. At 75% engine load, the
BSFC of biodiesel was higher than that of diesel. The BSFC
values were found to be 11.03, 10.26, 7.97, 11.94, and 9.71%
for 1100, 1400, 1700, 2000, and 2300 rpm, respectively.
Similarly, the BSFC of D30B60EPB10 was higher, with values
of 6.36, 2.80, 4.11, 6.02, and 6.60% for 1100, 1400, 1700, 2000,
and 2300 rpm, respectively. Compared with biodiesel, the
BSFC of D30B60EPB10 was lower, with values of 4.21, 6.77,
3.58, 5.29, and 2.84% for 1100, 1400, 1700, 2000, and 2300
rpm, respectively.

3.4.3. Brake Thermal Efficiency. BTE is a significant
parameter that describes the efficient conversion of thermal
energy released from fuel combustion into useful mechanical
energy.48 Figure 6c¢ illustrates the BTEs of three fuels at various
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engine speeds and loads. The BTEs of biodiesel and
D30B60EPB10 were higher than those of diesel at all engine
speeds and loads. The presence of oxygen in biodiesel and
D30B60EPB10 improves combustion efficiency and oxidation,
thereby increasing the BTE. Yadav et al.*’ reported that the
BTE of the biodiesel blend was higher than that of diesel,
possibly due to the oxygen content in the biodiesel blend,
resulting in better combustion compared with diesel. Similarly,
Baranitharan et al.>’ reported that the BTE of the PBO blend
was higher than that of diesel, attributed to the high oxygen
content in the PBO blend, which enhances the combustion
process and lowers fuel consumption, ultimately achieving
higher BTE than diesel. At a 25% engine load, the BTE for
D30B60EPB10 was comparable to that of diesel across all
speeds. At speeds ranging from 1100 to 2300 rpm, the BTE of
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D30B60EPB10 was comparable to that of diesel, and as the
engine speed increased, the BTE of D30B60EPB10 surpassed
that of diesel. At a 25% engine load and 2300 rpm, the BTEs
for biodiesel and D30B60EPB10 were 7.14 and 6.61% higher
than that of diesel, respectively. Compared to biodiesel, the
BTE of D30B60EPB10 was 0.49% lower. At a 50% engine load
and 2300 rpm, the BTEs of biodiesel and D30B60EPB10 were
1.98 and 4.04% higher than that of diesel, respectively.
Compared with biodiesel, the BTE of D30B60EPB10 was
2.02% higher. At a 75% engine load, the BTE of biodiesel was
greater than that of diesel. The BTE values were 5.92, 6.65,
8.92, 5.05, and 7.19% for speeds of 1100, 1400, 1700, 2000,
and 2300 rpm, respectively. D30B60EPB10 exhibited a higher
BTE, with values of 4.12, 7.72, 6.36, 4.44, and 3.88% for speeds
of 1100, 1400, 1700, 2000, and 2300 rpm, respectively.
However, D30B60EPB10 had a lower BTE compared with
biodiesel, with values of 1.70, 2.34, 0.58, and 3.08% for speeds
of 1100, 1700, 2000, and 2300 rpm, respectively.

3.5. Engine Emission. 3.5.1. Oxygen Gas. The O, content
in exhaust gases serves as an indicator of combustion quality.’!
Figure 7a shows the relationship between engine load and O,.
O, represents the amount of oxygen remaining after
combustion. As engine load increases, O, decreases because
more fuel and air are required for complete combustion.>”
Consequently, the engine operates with a rich fuel-to-air ratio
under high load conditions, and oxygen is consumed in the
generation of H,O, CO,, and NO,.>> When comparing the O,
content of each fuel, it was found that biodiesel and
D30B60EPB10 emitted more O, than diesel due to their
higher oxygen levels.”* At 25% engine load and 2300 rpm
maximum speed, biodiesel and D30B60EPB10 emit more O,
than diesel at 8.74 and 5.19%, respectively. At 50% engine load
and 2300 rpm engine speed, biodiesel and D30B60EPB10 emit
more O, than diesel at 8.11 and 6.41%, respectively. At 75%
maximum engine load and 2300 rpm speed, biodiesel and
D30B60EPB10 emit more of the O, than diesel at 32.46 and
21.65%, respectively. Gumus et al.>® confirmed a similar trend,
indicating that the addition of a higher amount of biodiesel to
diesel increases the amount of O,. Typically, diesel engines
operate under fuel-lean combustion conditions. Excess air
naturally enters the combustion chamber during engine
operation to mix with the atomized droplets of biodiesel
during fuel injection. The chemically bound oxygen in
biodiesel contributes to an increased amount of excess oxygen
in the reactant mixture. As a result, biodiesel combustion
generates more residual O, than diesel combustion, leading to
higher levels of O, in exhaust gases.

3.5.2. Carbon Monoxide Emission. The intermediate
product of combustion is CO, which is formed through the
incomplete oxidation of fuel during the combustion process.
On the other hand, CO, is produced when full combustion
takes place.’® CO emissions are a significant source of
pollution and represent an inefficient use of energy from the
combustion process. The fuel-air equivalency ratio is the most
critical factor that influences CO emissions.”” Figure 7b
illustrates the relationship between engine load and CO
emissions. As the engine load increases, CO emissions decrease
at 25 and 50% engine load, respectively. However, at 75%
engine load, CO emissions rise due to increased fuel
consumption, resulting in a rich air—fuel mixture. In a
comparison of the three fuels, biodiesel and D30B60EPB10
emit less CO than diesel because their higher oxygen content
enables more efficient combustion.”® At 25% load and 2300

rpm speed, biodiesel and D30B60EPB10 released 29.58 and
16.54% less CO than diesel, respectively. At 50% load and
2300 rpm speed, biodiesel and D30B60EPB10 emitted 26.08
and 38.83% less CO than diesel, respectively. For a 75% engine
load and 2300 rpm speed, biodiesel and D30B60EPB10
emitted 55.19 and 8.73% less CO than diesel, respectively. In
terms of emissions, Paramasivam et al.** also described that the
CO emission of bio-oil blends was lower than that of diesel
under all engine loads. The type of fuel, engine load, and air/
fuel ratio directly affect the CO emissions of exhaust gases in
the engine. The increased ignition delay period and slow
burning at low loads result in less air—fuel oxidation. Operating
a diesel engine at a high air—fuel ratio leads to low CO
emissions. These results suggest that bio-oil blends are a viable
biofuel option for diesel engines to reduce the level of
pollution in the environment.

3.5.3. Carbon Dioxide Emissions. CO, is one of the
greenhouse gases emitted by an engine during the complete
combustion of fuel. The increase in CO, emissions indicates
the degree of complete combustion in the power stroke.’”
Figure 7c shows the relationship between engine load and CO,
emissions. As the engine load increases, CO, emissions also
increase due to higher fuel consumption at higher loads. In a
comparison of the three fuels, biodiesel and D30B60EPB10
emitted less CO, than diesel. This can be attributed to the
lower specific hydrogen-to-carbon ratio (H/C) and higher
oxygen content in biodiesel and D30B60EPB10, which
improve engine combustion.”” At 25% load and 2300 rpm
speed, biodiesel and D30B60EPB10 released 23.33 and 14.00%
less CO, than diesel, respectively. At 50% load and 2300 rpm
speed, biodiesel and D30B60EPB10 emitted 8.21 and 14.62%
less CO, than diesel, respectively. For a 75% load and 2300
rpm speed, the biodiesel and D30B60EPB10 emitted 31.62
and 30.13% less CO, than diesel, respectively. In terms of
emissions, Mohapatra et al.°" studied copyrolytic oil obtained
from sugar cane bagasse and polystyrene in a CI engine. They
observed an increase in CO, emissions as the engine load
increased due to proper injection of the air/fuel ratio in the
combustion chamber. However, the CO, emissions decreased
as the proportion of copyrolytic oil blends increased. The CO,
emissions of copyrolytic oil blends were reduced compared
with diesel due to poor fuel injection and higher viscosity,
resulting in incomplete oxidation of CO. For CO, emissions,
they concluded that copyrolytic oil at 5, 10, and 15% in diesel
released 10.52, 5.20, and 7.89% less CO, than diesel,
respectively.

3.5.4. Nitrogen Oxide Emissions. The majority of NO,
emitted by diesel engines consists of nitric oxide and nitrogen
dioxide. The levels of NO, in diesel engine exhaust gases are
influenced by various parameters including fuel composition,
air—fuel ratio, and combustion temperature. However,
numerous studies have indicated that combustion temperature
is the most significant factor.” Figure 7d illustrates the
relationship between engine load and nitrogen oxide emissions.
As the engine load increases, there is a characteristic increase in
NO, emissions due to rising temperatures in the combustion
chamber. A comparison of each fuel revealed that biodiesel and
D30B60EPB10 had NO, emissions lower than diesel. The
formation of NO, depends on the amounts of N, and O,.
However, the higher density and viscosity of biodiesel and
D30B60EPB10 contribute to delayed combustion. The
substantial reduction in NO,, emissions suggests that biodiesel
and D30B60EPB10 burn at lower temperatures.””** At 25%
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engine load and 2300 rpm engine speed, biodiesel and
D30B60EPB10 emitted 43.76 and 37.16% less NO, than
diesel, respectively. At 50% engine load and 2300 rpm engine
speed, biodiesel and D30B60EPB10 emitted 30.66 and 31.28%
less NO, than diesel, respectively. At 75% engine load and
2300 rpm engine speed, biodiesel and D30B60EPB10 emitted
37.37 and 37.55% less NO, than diesel, respectively. Similar
findings were reported by Geng et al,®® who stated that NO,
emissions from engines depend on the residence time at
elevated temperatures in the cylinder, the air-to-fuel ratio, and
the combustion temperature. NO, emissions were significantly
reduced in diesel blends containing 70, 90, and 100% biodiesel
due to the higher cetane number of biodiesel, resulting in
shorter premixed combustion and ignition delays. Lower
cylinder temperatures also contribute to the reduction of the
NO, emissions during the combustion process.

3.5.5. Exhaust Gas Temperature. EGT serves as an
indicator of combustion in the engine. Figure 7e illustrates
the relationship between engine load and EGT. When
comparing the EGT of the three fuels, it was observed that
diesel exhibited higher EGT values compared with biodiesel
and D30B60EPB10. The presence of oxygen in biodiesel
reduces the duration of the premixed combustion and
increases the cetane number. This shift in ignition delay
leads to a decrease in the EGT as the proportion of biodiesel in
the blend increases. Longer ignition delays may result in slower
combustion and higher EGT.”® In another study, Sukumar et
al.”* found that the use of bio-oil blends influenced the
duration of the delay, with shorter delay periods leading to
delayed combustion and decreased EGT. At a 25% engine load
and 2300 rpm engine speed, biodiesel and D30B60EPB10
exhibited lower EGT values compared with diesel, with
reductions of 16.33 and 9.90%, respectively. Similarly, at a
50% engine load and 2300 rpm engine speed, biodiesel and
D30B60EPB10 emitted lower EGT values than diesel, with
reductions of 8.32 and 12.54%, respectively. For a 75% load
and 2300 rpm speed, biodiesel and D30B60EPB10 resulted in
lower EGT values compared with diesel with reductions of
19.76 and 14.72%, respectively. Similar findings were reported
by Asokan et al,°° who observed that an increase in engine
load leads to an increase in EGT. Due to poor combustion
characteristics and viscosity, the EGT of diesel blends
containing 20, 30, 40, and 100% biodiesel is lower than that
of pure diesel.

3.5.6. Smoke Opacity. Smoke opacity refers to the extent to
which smoke obstructs the passage of light. A higher level of
smoke in the exhaust gas corresponds to increased smoke
opacity.”” Smoke is generated when solid carbon soot particles
form in the rich fuel zone during cylinder combustion.”® The
relationship between the engine load and smoke opacity is
shown in Figure 7f. While 25 and 50% engine loads exhibited
relatively low smoke opacity, incomplete combustion occurred
at 75% load due to greater fuel injection resulting in higher
emissions, compounded by increased engine load. Upon
evaluating each fuel, it was observed that biodiesel and
D30B60EPB10 emitted less smoke compared with diesel. The
higher oxygen and lower carbon content in biodiesel facilitated
improved combustion, particularly when a significant amount
of oxygen was present in the fuel. Another study indicated that
a higher concentration of oxygen and OH in the blend
enhanced combustion and minimized smoke emissions.”” At
75% load and 2300 rpm speed, biodiesel and D30B60EPB10
emitted 87.67 and 59.75% less smoke than diesel, respectively.

Similar findings were reported by Mulimani and Navindgi®’
investigated the impact of oxygen in bio-oil, cylinder air
pressure, and fuel type on smoke. The greater oxygen content
of the bio-oil blend allowed for increased utilization of oxygen
during the fuel combustion process, resulting in reduced
smoke emissions.

4. CONCLUSIONS

The PBO was upgraded through the esterification process,
resulting in EPB as confirmed by RSM. Subsequently, the
phase separation behavior of D—B—EPB was analyzed using a
ternary phase diagram, and the fuels were assessed against
diesel standards. The blended fuel was then tested for
performance and emissions on unmodified diesel engines at
various speeds and loads. The results showed that
esterification-based upgrading of PBO improved the density
and viscosity of the upgraded bio-oil. The blended fuel, which
met diesel standards in terms of density and viscosity, exhibited
superior characteristics compared with those of conventional
biodiesel. Considering both engine performance and emis-
sions, D30B60EPB10 was identified as a potential fuel. It can
be considered a fuel with a performance closest to diesel while
being more environmentally friendly.
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B ABBREVIATIONS

BSEC brake-specific fuel consumption
BTE brake thermal efficiency

CEPB crude esterified pyrolysis bio-oil
CcO carbon monoxide

CO, carbon dioxide

D30B60EPB10 30 wt % diesel +60 wt % biodiesel +10 wt %
esterified pyrolysis bio-oil blended fuel

EGT exhaust gas temperature
EPB esterified pyrolysis bio-oil
FFA free fatty acid

H,SO, sulfuric acid

KOH potassium hydroxide

LHV lower heating value

CPO crude palm oil

ME methyl ester

NMR nuclear magnetic resonance
NO, nitrogen oxides

0, oxygen gas

PBO pyrolysis bio-oil

Py brake power

RSM response surface methodology
vol % percentage by volume

wt % percentage by weight

SFC specific fuel consumption
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